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A METHOD FOR MEASURING CARBON DIOXIDE EVOLUTION 

FROM SOIL 1 

HARRY HUMFELD* 

Bureau of Ckemistry^nd Sails , U, S+ Department cf Agriculture 
pq btotkm Ncrrwnber 16, 1929 

In connection with studies on the microbiological activities in soils of 
different reaction as affected by the addition of green manures, it was deemed 
desirable to obtain some information on the rate of carbon dioxide evolution, 
A search of the literature for a suitable method for the determination of carbon 
dioxide from the soft revealed that, in general, the methods used may be divided 
into a number of instinct groups: 

1. The soil sa mple i* take n in a way in tendtd topravect the diffusion of Uf0m to reduce it 
to a minimum. The sample is brought to die laboratory and analysed for carbon dioxide 
content The work o£$#«jther (1 ) is an example of this type . 

2. The soil air in a measured quantity is obtained from the soil in situ by means of a tube 
thrust or placed into the softaad the air obtained is analyzed in the laboratory. Russell and 
Appleymrd’s (6) and Potter and Snyder’s (5) experiments illustrate this group of methods. 

3. Soil staples are taken, brought into the laboratory, wad carbon dioxide evolution la 
measur ed by placing the sod in a flask and passing carbon dioxide-free air over it. This 
method, used by Wa^sman and Starkey (7) and by many others, is essentially a measure of 
the carbon dioxide producing power of the foil under certain given conditions. 

4. Marsh (4) modifies the preceding method in such a way as to pass air through the soil 
as well as over it 

5 Lundegardh (2) enclosed a sample of soil In a flask and u»iinred the carbon dioxide 
accumulation in the flask ak after M hours. „ [ 

6. Lundegardh (3) later says that, methods which determine the carbon dioxide as it 
escapes from the soil by means of diffusion are in general, to be preferred to methods where an 
air stream passing through the soil is used He therefore evolved an apparatus which con- 
ststs of a “respiration bell” that is placed over an area of soil to collect the carbon dioxide as 
it escapes At the end of 20 minutes & sample of the air under the bell is taken and analysed. 
This, no doubt, gives results which approach natural conditions more closely than any of the 
other methods mentioned. 

According to Lundegardh the rate of diffusion under these conditions is proportionate to 
time. Assuming that this is true, in soils of low organic activity, it very wy would not 
necessarily be true if the carbon dioxide evolution were considerably higher. 

Ia our studies on decomposition of green manures under greenhouse condi- 
tions, preliminary tests showed that the amount of caihon dioxide evolution 
was 10, or more, times as great as that from untreated soft Since it was be* 

1 Paper 332 of the outside publication series, Bureau of Chemistry and Soils. 

9 AmUtant bacteriologist, office of soil microbiology. 
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lieved that such a rapid accumulation of carbon dioxide under the bell would 
tend to decrease the rate of diffusion, it seemed preferable to develop a method 
that would remove the carbon dioxide as fast as it diffused from the soil. 

THE APPARATUS 

the apparatus as finally developed consisted, therefore, of three essential 
parts— a collecting unit, an absorbing unit, and a source of suction. 

The collecting unit 

A rectangular galvanized iron box, 8 inches long, 3 inches wide, and 3 inches 
high, was used as a modified form of Lundegard’s “respiration bell,’’ small 
enough for use on the greenhouse plots. At each end of the box equidistant 
from the tides, a tube i inch inside diameter, was inserted. One tube served 
for inlet, the other for outlet. The open side of the box was pressed down into 
the soil about one inch. 


The absorption unit 

The absorption unit consisted of a train of four bottles preceded by a flow- 
meter, which, in turn, consisted of a piece of capillary tubing 8 inches long and 
J to i mm. in inside diameter, fastened in a U-shaped piece of glass tubing, 
5 mm. in diameter, as shown in plate 1, figure 1. The flow-meter was fastened 
to a piece of wall board 12 inches square, and the U-shaped glass tubing was 
half filled with a colored mineral oil. The flow-meter was then calibrated in 
liters per hour against a West test meter. The flow-meter was connected with 
a piece of rubber tubing to the first bottle. 

Wide-mouthed, approximately 1-liter bottles were used. The mouths were 
closed with two-hole rubber stoppers, each hole being fitted with a piece of 
glass tubing bent at right angles. The first bottle was empty and was used as 
a safeguard against dilution of the absorbent solution with moisture condensing 
from the air after passage over the soil. The second and third bottles each 
contained 800 cc. of 0.08 to 0.16 N KOH. Each of the absorption bottles was 
connected with a patented gas distributor consisting of a glass tube in which a 
disc made of ground sintered glass is fitted in such a way that the suction breaks 
Up the air pasting through the solutions into a great number of small bubbles. 
This device was found to be very efficient in promoting complete absorption, 
the fourth bottle was empty and served as a safeguard. It seemed also to 
facilitate adjustment of the rate of flow, since the air in this bottle acted as a 
cushion against rapid changes. The flow of air was regulated by means of a 
glass stopcock fastened in the line after the fourth bottle. A very delicate 
adjustment, however, eras necessary. 

The source of suction 

A vacuum pump operated by an electric motor was used. A water aspirator 
was also found to give satisfactory results. Any number of units up to die 
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capacity of the pump could be connected together so that carbon dioxide evolu* 
tk>n could be studied on a number of plots simultaneously. 

As stated, the “respiration box” is placed in a suitable position on the soiL 
In order to obtain air of uniform carbon dioxide content, a rubber tube, 3 to 4 
feet long, was fastened to the inlet of the box and tied up, with the opening 
about 3 feet above the surface of the soil. The outlet tube was connected by 
means of rubber pressure tubing to the calibrated flow-meter, which in turn 
was fastened by the same means to the glass tube in the first bottle. The 
bottles were connected together, the stoppers of the two bottles containing the 
KOH solution being provided with a glass trap. A form of trap used in the 
distillation apparatus for Kjeldahl nitrogen analyses was found satisfactory to 
prevent any mechanical carrying over of solution into the next bottle. The 
glass tube from the last bottle was then connected to the glass stopper in the 
suction line. 


THE USE OE THE APPARATUS 

It was found that 10 liters of air an hour was sufficient to carry off the carbon 
dioxide from the soil , even at the highest rate of evolution encountered. Lower 
rates could be used with smaller amounts of carbon dioxide, but it was found 
that with smaller rates of flow the adjustment to keep the flow steady was 
more difficult. 

As the apparatus was used, the KOH solution in the first bottle absorbed all 
of the carbon dioxide, the second bottle acting as a check on the completeness 
of absorption. When it was found that the carbon dioxide had neutralized the 
KOH solution to such an extent that the next absorption period would reduce 
the strength to less than one-half the original strength, a bottle containing new 
KOH solution was inserted in its place. As a rule, samples were taken and 
titrated every 24 hours. 

After a number of variations, the titration was finally standardized so 
that now it is as follows: hydrochloric acid was made up of such a normality 
(0.08336 N ) that 1 cc. was equivalent to 0.5 mgm. carbon as carbon dioxide. 
Vce KOH solution was made up to approximately the same strength or any 
strength up to twice this strength, depending upon the rapidity of carbon 
dioxide evolution expected. Each 24 hours a 25-cc. aliquot was taken from 
each bottle in each unit. ' 

These aliquots were brought to boiling and titrated first to the endpoint of 
phenolphthalein and then to the endpoint of methyl orange. Aliquots of the 
original KOH solution were titrated in a similar manner and the amount of the 
titration from the endpoint of phenolphthalein to the endpoint of methyl 
orange was subtracted from the corresponding titration of the aliquots taken 
after absorption. The number of cubic centimeters of hydrochloric add 
required, divided by 2, gave the milligrams of carbon as carbon dioxide in the 
aliquot. From this, die carbon dioxide evolution for the area of the box et 
for any unit area could be calculated. It was found that dilution of the atf- 
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quote with 100 cc. distilled water before heating gave better endpoints to 
phenolphthalein. 

In order to eliminate any possibility of suction of air from the soil, instead of 
freeing the air from carbon dioxide before passing it over the soil, a blank 
determination was run. The net amount of carbon dioxide obtained from the 
soil was then determined by deducting the amount of this blank determina- 
tion. The calculation then was as follows: 

The number of cubic centimeters of hydrochloric add for the phenolphthalein 
titration is deducted from the number of cubic centimeters required for the 


TABLE 1 

Typical titrations for a 24-hour period on plots in the greenhouse under different treatments 
(C as COj — mgm. in 24 hours) 


TLOTKUMBH 

GKHN MAMUftl 
USED 

HCl XXQUXXKDt 

DimKXHCK 
1CHCU8 BLAME 
Ttrixnoir! 

C as CO* 

C AsCOt 
m box; dc 24 

BOUK8 

Phenolphthalein 

Methyl orange 



cc. 

cc. 

mgm. 

mgm. 

L 1 

None 

40.0 

44.7 

1.3 

17.2 

L 2* 

None 

39.6 

44.7 

1.5 

24 0 

L 3 

Rye 

31.3 

44.7 

5.7 

106.8 

L 4* 

Rye 

36.9 

44.7 

2.9 

67.2 

L 5 

None 

40.2 

44.7 

1.2 

14.4 

L 6* 

None 

37.6 

44.6 


51.2 

L 7 

Vetch 

37.5 

44.7 


57.6 

L 8* 

Vetch 

35 4 

44.7 


91.2 

L 9 

Rye 

36.5 

44.7 

3.1 

73.6 

L 10* 

Rye 

34.6 

44.6 

4.0 

102.4 

111 

Vetch 

38.0 

44.7 

2.3 

49.6 

L'12* 

Vetch 

35.4 

44.7 

3.6 

91.2 

Air 

Control 

44.1 

44.7 

0.8 

25.6$ 


* All even-numbered plots had been limed and were neutral in reaction, whereas the odd- 
numbered plots were add. 

1 25-cc. aliquots titrated. 

J Blank titration equals 2 cc. 

$ This figure has been deducted from each preceding figure in this column. 

methyl orange titration. This gives the number of cubic centimeters actually 
used by the carbon dioxide absorbed. 

The original KOH solution, however, required a certain amount of hydro- 
chloric add to change the reaction from the endpoint of phenolphthalein to 
the endpoint of methyl orange. This amount, which was 2 cc. in the KOH 
solution used, is deducted from the apparent difference. The figures are 
given in the column headed “Difference minus blank titration/' table 1. 
This figure, multiplied by the number of cubic centimeters of KOH solution in 
the absorption bottle and divided by half the number of cubic centimeters in 
the aliquot taken to deration, gives the milligrams of carbon dioxide absorbed 
from the aaea of soil covered by the respiration box. 
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For plot L4, in table 1, the number of milligrams of carbon dioxide would be 

44.7 - 40.0 - 2.0 w 800 
2 X M - U2 

If it is desired, the milligrams of carbon dioxide absorbed from the carbon 
dioxide in the air, given in the last line of table 1, can be deducted. The net 
results in this case would be 

43.2 — 26.0 -> 17.2 mgm. carbon dioxide. 

The method described was used in the determination of carbon dioxide evo- 
lution under greenhouse conditions. 

FIELD EXPERIMENTS 

Subsequently it was decided that trials with the same apparatus under field 
conditions would be advisable. Accordingly the apparatus was set up in the 
field on some experimental plots on Keysport clay loam. Two units were 
placed on each of three plots. One plot was kept fallow, another plot had a 
heavy growth of soybeans, and the third plot was growing a crop of com 
broadcast for green manure. At the start of the carbon dioxide determination 
the crops were fully grown and ready to be turned under. The soil was exceed- 
ingly dry, however, and it was considered inadvisable to turn the com and 
soybeans under before a rainfall had occurred. The results obtained for a 
number of days therefore indicate the amount of carbon dioxide given off 
by the soil under very low moisture content. 

A rain occurred on September 5 and 6 and the crops were plowed under on 
September 7. However, the moisture in the soil was still far from optimum, 
therefore, the table given also shows the time and amount of rainfall during 
the experiment. 

The first data obtained showed that only small amounts of carbon dioxide 
were being given off. It was essential, therefore, that chemical determination 
be as accurate as possible. The concentration of KOH was therefore reduced 
so that it was only about 0.04 to 0.05 normal. 

When the titrations were made it was noticed that the endpoint of phenol- 
phthalein was too indefinite, because of the loss of carbonate from the solution 
as carbon dioxide; this caused the reappearance of the red color of phenol- 
phthalein. In order to overcome this difficulty the carbonate in the solutions 
was precipitated as barium carbonate by adding an excess of barium chloride 
to the samples taken for titration. 

The procedure was standardized as follows: 

Two hundred cubic centimeter of each sample were placed in tall glass cylinders, an excess 
of approximately normal barium chloride (5 to 20 cc. was usually required) was added, and the 
volume made up to 250 cc. with distilled water. The cylinders were then stoppered and the 
solutions were shaken. Time was allowed for the precipitate to settle and when the super- 
natant solution was clear two 25- or 50-cc. aliquots were pipetted off and titrated. 



6 


SASSY HIUCfSLD 


Tie original KOI} solution tu treated in a similar manner and the number of cubic centi- 
meters of HQ required for the original KOH solution minus the number of cubic centimeters 
required for the solutions after CO» was passed through them, gives the number of cubic 

TABLE 2 


Am W* carbon Of carbon dioside given off in 24 hoars from soil under different treatments -- 

September 24, 1029 



centimeters of HC1 equivalent to the COj absorbed. These figures, multiplied by the proper 
factor to obtain the amount in the total amount of solution and divided by 2, since each cubic 
centimeter of HQ is equivalent to 0.5 mgm. of C as COi, give the mgm. of C as COt obtained 
from the area Of soil under the respiration box. 



















TABLE 3 

Carbon as carbon dioxide evolved under field conditions 
(Carbcm as CO* in gm. per sq. m.) 
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The somber of mgm. for the ares under the box multiplied by 64.6 and divided by 1,000 
gives the number of grams of carbon as carbon dioxide given off by each square meter of soil 
area. 

Table 2 gives an example of a typical series of titrations, and shows the 
accuracy of the method. Results show that the greatest variations obtained 
on duplicate boxes on the same plots are due to differences caused by activities 
in the soil and that as far as the analytical operations are concerned, very good 
results can be obtained. 

Table 3 shows what results may be obtained under field conditions, as 
described, when green manure is turned under. This table shows the amount 
of carbon as carbon dioxide given off, both before and after the green manures 
were turned under, and the effect of the decomposition of soybeans and of com 
on the carbon dioxide evolution. 

The crop was rolled down flat and plowed under as would be done under 
actual field operations. The respiration boxes were then placed on the surface 
of the soil at random so that any differences in determinations would be due to 
variations in the amount and nature of the organic matter below them. 

The results show that although in a general way the fallow plot gives fairly 
good agreements between duplicates, the results obtained from duplicates on 
the soybean and the com plots show considerable differences after the crops 
were turned under. 

As moisture in this case was no doubt a limiting factor, an increase was 
shown in carbon dioxide evolution wherever a rainfall occurred in sufficient 
amount to cause a definite increase in the soil moisture. This is true of the 
fallow plots as well as of the soybeans and the corn plots. 

In adapting the method to field conditions, it was found that it was impos- 
sible to keep the flow of air in all the units at 10 liters an hour, without varia- 
tion. This difficulty was partly overcome by using a safety valve, consisting 
of a large glass test tube partly filled with mercury and fitted with a 2-hole 
rubber stopper provided with two bent glass tubes, one of which reached down 
into the mercury. This safety valve was connected with a bent glass tube 
fitted into the stopper of the fourth bottle in the absorption unit, that is, the 
bottle next to the source of suction. 

The rate was then more satisfactorily regulated by opening the stopcock 
in the suction sufficiently to allow a somewhat greater amount of air to pass 
than the required 10 liters an hour. Then by moving the long glass tube in the 
safety valve up or down the rate could be cut down to the required amount. 
Some variation still took place during the 24 hours between samplings, but 
adjustments could be made much more readily. 

It had been observed, also, that as the air passed from the respiration box, 
through the flow-meter and into the absorbing bottles, a certain amount of 
moisture condensed, especially in the flow-meters. This diluted the oil in 
the flow-meters and necessitated renewal of the oil from time to time. 
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In order to overcome this an empty bottle was inserted between the box 
and the flow-meter. Indications are that this modification eliminates the 
moisture accumulation or at least reduces it to a minimum. 

Plate 1, figure 3 shows the absorption unit as it is now used in the field. 
The method as now employed seems to be adapted to the measurement 
of carbon dioxide evolution from the soil or from material incorporated with 
the soil, assuming that diffusion from the soil is a direct result of activities 
resulting in the liberation of carbon dioxide. 
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PLATE 1 

The Casbon Dioxide Appaeattjs 
Fig. 1. A unit of the carbon dioxide apparatus. 

Flo. 1 General view of greenhouse plots and units of carbon dioxide apparatus. 
Fig 3. A Unit of the Carbon Dioxide Apparatus Set up in the Field. 
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PHOSPHATE STUDIES IN SOLUTION CULTURES 1 
J. W. TIDMORE* 

Alabama Agricultural Experiment Station 
Secerred lor publication December 6* 1929 

The question of minimum phosphate concentration for maximum plant 
growth should be of particular interest since there are many soils reported 
which have extremely low phosphate concentration in the soil solution as 
obtained by the method described by Burd and Martin (1). Parker and 
Tidmore (9) and Pierre and Parker (12) cited soil solutions containing as little 
as 0.02 p.p.m. inorganic PO4, and some of these soils produced in the field as 
much as 45 bushels of com an acre. 

Considerable work has been done during the past few years concerning the 
minimum concentration of phosphate required for maximum growth of plants 
in solution cultures. Hoagland and Martin (4) obtained a satisfactory growth 
of barley in culture solutions containing 0.7 p p.m. P0 4 , and a maximum growth 
at 1.1 p.p.m. PO*. Parker (8) obtained maximum growth of corn and soy- 
beans in culture solutions having a phosphate concentration of 0.5 p.p m. 
Subsequently, Parker and Pierre (11) obtained a m aximum growth of corn 
at a phosphate concentration of 0 25 p p.m They expressed the opinion 
that a very good growth could be obtained at a phosphate concentration Of 
0.1 p p m., if that concentration could be actually maintained. 

In the culture solution experiments mentioned in the foregoing, the phosphate 
concentrations were not adequately maintained. The quantity of the culture 
solution used for each culture was entirely too small for the number of plants 
grown in it Hoagland and Martin (4) used 4-liter containers for one plant 
whereas Parker and Pierre (11) used 100-liter vessels for three plants. They 
state that with that volume the PO4 concentration was not adequate^ main- 
tained. It seemed desirable, therefore, to make a further study erf plant 
growth in culture solutions of varying phosphate concentrations. 

1 A thesis Submitted in partial fulfillment of the requirement* for the degree of doctor of 
philosophy in pint nutrition in the University of California. This investigation was sug- 
gested by Doctor F. W. Parker, division of agronomy and toils, Alabama Station, 

to whom grateful acknowledgment is made for advice and criticism throughout theiavestiga- 
Host The writer also wishes to express his appreciation for the helpful suggestions tendered 
by Prof, D. R. Hoagland, division of plant nutrition, University of Cali fornia. Published 
wfth the permission of the director of the Alabama AgricuHatal Experiment Station 

* As s ociat e professor of agronomy and soil*, Alabama Agricultural Experiment S ta tion. 
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In the following experiments a very large volume of solution with relatively 
few plants was used for each culture. The phosphate concentration was prac- 
tically maintained. The following points were studied in the investigation: 

1. The rate of phosphate absorption by plants grown in solutions of various phosphate 
concentrations. 

2. The influence of low phosphate concentrations on the total plant growth and on the 
rate of growth. 

3. The phosphate concentration and buffer capacity of the sap of plants grown in solutions 
of various phosphate concentrations. 

4. The influence of the reaction of the culture solution on growth and on phosphate 
absorption. 


EXPERIMENTAL PROCEDURE 

Phosphate concentrations of 0.05, 0.1, 0.2, and 0.5 p p.m. were maintained 
constant in the various cultures by using a large volume of solution for each 
plant and renewing the PO« content of the solution from one to three times a 
day. Nine plants were grown in a 1,000-liter culture vessel. To continually 


TABLE 1 

Composition of the culture solution 



K 

Ca 

Ml 

NO« 

SO4 

B 



Mgm. equivalent 

P.P.M 

0 76 
29 

IKS 

0 81 

9 86 

m 

0.81 
39 0 

0.25 

0.60 

0.37S 



renew the solution about the plant roots and to aerate the cultures, the solution 
was thoroughly stirred by bubbling a strong stream of air through it 

In order to renew the phosphate concentration of the culture solutions, the 
POs was determined by using a small aliquot of each solution; then sufficient 
potassium add phosphate was added to give the desired P0 4 concentration. 
During the growing period, the culture solutions with 0.05, 0.10, 0.20, and 0.50 
p.p.m. FOi had an average minimum, concentration of 0.048, 0.086, 0.147, 
and 0.440 p.p.m. PO<, respectively, as determined by the colorimetric method 
described by Parker and Fudge (10). 

The culture solution used in the experiments was one-fourth the concentra- 
tion of Hoagland’s (4, p. 372) with the addition of a small amount of boron. 
Table 1 gives the composition of the culture solution. Iron was supplied as 
ferric tartrate, as described by Parker (8). The plants were given iron about 
once each week, or whenever a slight chlorotic condition indicated a deficiency. 

In experiment 1, the height of the plants, measured from the base of their 
stem to the tip of the longest leaf, was determined each week to indicate the 
rate of growth. ' The green weight of the plants was also obtained each week in 
experiment 2 after removing the plants from the culture solutions and allowing 
the root system to drain. 
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After the plants were harvested, they were weighed and a portion was placed 
in a cold storage room (20°F.) for freezing so that the plant sap could be 
obtained by means of a screw press. The concentration of PO« in the sap was 
determined and buffer curves were made. After the dry weight of the plants 
was determined, they were ground and the percentage PO« was determined by 
the use of Fiske and Subbarow’s method as described by Parker and Fudge (10). 

experiment 1 

Com, sorghum, and tomato seeds were germinated in quartz sand and 
transferred, when 1 week old, to the culture solutions containing different 
phosphate concentrations. Three seedlings of each crop were grown in each 
culture solution for 46 days. Each treatment was in duplicate. 

While the plants were being grown in the culture solutions, similar plants 
were grown in 4-gallon soil cultures of a sandy loam fertilized at the rate of 


TABLE 2 

PO4 absorbed, during one week , by plants growing in culture solutions of the phosphate 
concentrations indicated 


PO< (P P M ) IN CULTUM SOLUTIONS 



0 05 

0 1 

02 

. .... ... . . . 

05 

wcks 

mgm 

mgm 

mgm. 

mgm . 

3 

32 

60 

260 

440 

4 

57 

214 

460 

1,060 

5 

34 

328 

633 

1,236 

Total 

123 

602 

1,352 

2,736 


1,000 pounds of superphosphate, 100 pounds of muriate of potash, and 500 
pounds of sodium nitrate to the acre. There were duplicate cultures with two 
plants each. 


Rate of POi absorption 

The amount of PO 4 absorbed from each culture solution was determined for 
three weeks, beginning when the plants were 3 weeks old. The results, given 
in table 2 , represent the average of duplicate cultures, which agreed rather 
closely. It may be seen from table 2 that the phosphate absorbed is almost 
directly proportional, with few exceptions, to the concentration of PO« in the 
culture solution. The plants were larger and had a more extensive root system 
in the culture solutions at higher phosphate concentrations. This would 
account, in part, for an increased PO4 absorption as the phosphate concentra- 
tion of the culture solution increased. 














16 J. W. TIDUORS 

Rate of growth and crop yields 

The average height of these plants was determined each week during the 
growing period beginning when the plants were about 3 weeks old. The 
weekly increase in height is shown in table 3. The rate of growth, as measured 
by the height of the plants, grown in solutions having a phosphate concentra- 
tion of 0.1, 0.2, and 0.5 p.p.m. PO< is about the same. Corn plants grown at 
0.2 and 0.5 p.p.m. PO« increased in height each week an average of 35 cm., 
whereas those at 0.1 p.p.m. increased 28 cm. This difference in rate of growth 
is probably insignificant This method of determining the rate of growth may 
be misleading because the diameter of the stems increased with the PO« con- 
centration of the culture solution. It would seem that a determination of 
the weight of the plants at intervals would give a better indication of the rate of 


TABLE 3 

Average weekly increase in height of the plants grown in culture solutions at PO\ concentrations 

indicated 



COSH 

SOXOBrUM 

TOMATO 

AOS Off PLANTS 

PO 4 (p.p.m.) in culture 

POs (p.p.m.) in culture 

PO 4 (p.p.m.) in culture 



solution 



solution 



solution 



Da 

0.10 

0.20 

0.50 



0.20 

0.50 

0.05 

0.10 


0.50 

sudb 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

CM. 

cm. 

1 

30 

36 

41 

57 

14 

16 

18 

24 

8 

11 

11 

13 

3 

11 

24 

35 

37 

8 

23 

24 

27 

5 

7 

El 

10 

4 

11 

28 

31 

32 

9 

19 

27 

22 

6 

11 

is 

10 

5 

21 

28 

39 

34 

11 

23 

30 

27 

8 

12 

11 

14 

6 

4 * 

19 

34 

34 

41 

15 

41 

! 

50 

59 

... 

1 

.... 


Average. . . 

15.5 

28.5 

34.7 



26.5 

32.7 

33.7 

6.3 


11.3 

11.3 


growth. The com plants in culture solutions containing 0.05 p.p.m. PO« 
increased in height each week only 15 cm. This shows that the com plants at 
0.05 p.p.m. PO* made a much slower growth than did those at higher con- 
centrations. The rate of growth in each culture was practically constant, as 
determined by measuring the plants. The same general trend holds for 
sorghum. 

Hie increase in height of tomato plants each week was 6 , 10 , 11, and 11 cm., 
grown in culture solutions containing 0.05, 0.1, 0.2, and 0.5 p.p.m. PO 4 , re- 
spectively. 

The most interesting result of this experiment is set forth in table 4, which 
gives the dry weights of the plants grown at various phosphate concentrations. 
To obtain these weights the plants were harvested and dried in an oven at 
70°C. for two days. Three plants were weighed together, because the roots 
were entangled and separation was not feasible. Table 4 shows the average 
weight Of three plants; the duplicates agreed as well as could be expected. 
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Contrary to the findings of Parker and Pierre (11), in this study the com 
plants which were grown in culture solutions having a PO« concentration of 
0.2 p.p.m. weighed about 05 per cent as much as those grown at 0.5 p,p,m. 
PO*. Com made very little growth in solution cultures with 0.05 p.p.m. PQ*. 
It will be noticed that the com (roots and tops) grown at 0.05 p.p.m, weighed 
approximately one-third as much as those grown at 0.1 p.p.m. PO*. The data 
indicate a decided increase in com growth as the phosphate concentration of 
the culture solution increased. The top: root ratio increased with the phos- 
phate concentration of the culture solution. This would indicate that the 
root growth was relatively larger than the top growth at low phosphate 
concentrations. 

As shown in table 4, corn grown in the soil cultures, which were well fertilized, 
made very little more growth than those grown in the culture solutions at 0.1 
p.p.m. PO4. The root growth was smaller in the soil cultures than in the 
culture solutions at 0.1 p.p.m. PO4. Of course, the weight of the root system 


TABLE 4 

Dry weight of 3 plants grown in culture solutions with POi concentrations indicated 


P04 

COEN 

SORGHUM 

T0MATOI# 

Top# 

Root# 

Total 

Top# 

Root# 

Total 

Tops 

Root# 

Total 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

0.05 

10.9 

7.1 

18.0 

7 0 

4.1 

11.1 

10.6 

4.3 

14.9 

0.10 

38.7 


57.9 

26.0 

9.9 

35.9 

31.8 

7.7 

39.5 

0.20 

84.2 


108.8 

42.1 

11.5 

53.6 

40.5 

9.8 

50.3 

0.50 

136.9 

30.4 

167.3 

48.0 

12.9 

60.9 

43.2 

7.8 

51.0 

Soil 

55.2 

13.4 

68.6 

32.9 

5.6 

38.5 

49.8 

9.1 

58.9 


may not necessarily be a measure of the absorbing surface. The table shows 
that sorghum and tomatoes made as good growth in culture solutions at 
0.2 p.p.m. as at 0.5 p.p.m. PO 4 . In most cases the differences are too small 
to be significant. It is claimed that these crops require a large amount of 
phosphate, yet they practically made a maximum growth at 0.2 p.p.m. PO4. 
The growth of sorghum and tomatoes in soil cultures was about the same as in 
culture solutions at 0.2 p.p.m. PO 4 . 


PO* content of plant and plant sap 

After the plants were dried and ground, the percentage PO4 was determined 
by the Fiske and Subbarow method, as described by Parker and Fudge (10). 
The results, given in table 5, show that in general the PO4 content of the 
plants increases with increasing concentrations of PO4 in the culture solutions. 
The magnitude of the increase was greatest in sorghum and smallest in toma- 
toes. With all three crops the increase in PO4 content was greater in the tops 
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than in the roots. In the case of com and sorghum grown at concentrations 
erf 0.05 and 0.1 p.p.m. PO 4 , the PO< content of the roots was higher than that 
of the tops. The opposite relation existed when the PO« concentration of the 
culture solution was increased to 0.2 and 0.5 p.p.m. At all concentrations of 
PO« the toots of the tomato plant had a higher percentage of PO 4 than the tops. 

It is of interest to note that the PO4 content of the tomato plants was 
uniformly much higher than that of the com and sorghum. This might be 
expected to indicate that the tomato would make poorer growth in solutions of 
low PO< content than would com or sorghum. Siich, however, is not the case, 
as is indicated by the yields recorded in table 4. 


TABLE S 

POi content of dry tissue of plants grown in culture solutions with PO4 concentrations indicated 


POsnrCULTUBX 

COIN 

SOIGHW i 

TOIIATOXS 

SOLUTION 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 


percent 

per cent 

per cent 

Per cent 

per cent 

Percent 

0.05 

0.33 

0.46 

mSm 

0.46 

0.52 


0.10 

0.69 

0.68 

mSm 

0,59 

0.56 


0.20 

0.89 

0.75 

1 - 0.97 

0.85 

0.72 

1.34 


1.11 

0.89 

1.24 

1.04 

1.22 

1.65 


TABLE 6 

POi content of sap from plants grown in culture solutions with phosphate concentrations indicated 


POsim cuuumi 

SOLUTION 

COEN 

SOEGHUK 

TOMATOES 

Leaves 

Stems 

Leaves 

Sums 

Leaves 

Stems 

PPM. 

p.p.m. 

P.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 


0.05 

167 

76 

183 

108 


86 

0.10 

185 

55 

320 

68 


118 

0.20 

735 

68 

610 

185 


180 

0.50 

1,200 

196 

1,000 

430 

420 

520 


- As previously indicated, the plant sap was obtained by means of a screw 
press after the plants had been frozen and permitted to thaw. The sap was 
then centrifuged until it was perfectly clear. The centrifuging required only 
about five minut^. The phosphate determinations were made in duplicate 
by the colorimetric method. Table 6 shows that the PO 4 content of the sap 
from the leaves and stems increased with increasing concentrations of PO4 in 
the culture solutions. The increase was greatest in com and smallest in 
tomatoes. The PO4 concentration in sap from the leaves was higher than that 
from the stems in all cases. The sap of com leaves at maximum growth had a 
much higher FO 4 content than that of sorghum or tomatoes, whereas that from 
the corn stems had a lower PO4 content than that from sorghum or tomatoes. 
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EXPERIMENT 2 

This experiment was planned to study in more detail points brought out in 
experiment 1. Six com, three sorghum, and three tomato plants were grown 
for 76 days in each 1,000-liter culture vessel. The culture solutions used had 
the same composition as those used in experiment 1. Studies were made of 
PO* absorption, rate of growth, total yield of dry matter, and PO4 content 
of plant and plant sap. In addition, a study was made of the influence of PO4 
content of the sap on its buffer capacity. 

Com and sorghum were grown in soil cultures at the same time as the plants 
in the solution culture' - . A quantity of soil was obtained from plot 2 of the 
Cullars’ Rotation; this soil is very low in phosphate. The soil was placed in 
4-gallon earthenware pots. All of the pots were fertilized with muriate of 


TABLE 7 

Amount of phosphate absorbed , in weekly periods , from culture solutions of the POi content 

indicated * 


ABSORPTION PERIOD 

PO* (P P.1C.) IN CULTURE SOLUTIONS 

0 05 

0 10 

0.20 

0.50 

First week 

mgm. 

82 

mgm. 

100 

^^9 

nr*- 

410 

Second week 

16 

42 

80 

190 

Third week 

38 

28 

38 

60 

Fourth week 

27 

42 

84 

370 

Fifth week 

22 

66 

252 

860 

Sixth week 

29 

118 

504 

1,445 

Seventh week 

8 

232 

812 

2,110 

Eighth week 

0 

326 

704 

2,350 

Ninth week 

o 

205 

725 

2,150 


* The plants were 7 days old when the absorption study was started. 


potash (100 pounds an acre) and sodium nitrate (500 pounds an acre). Half 
of these soil cultures were fertilized with superphosphate (1,000 pounds an 
acre) and are designated as high phosphate cultures. The other half of the 
soil cultures received no phosphatic fertilizer and are designated as low phos- 
phate cultures. These soil cultures were included to compare the growth 
obtained in soil cultures containing high and low phosphate with the growth in 
culture solutions. 


Rate of POi absorption 

The influence of PO* concentration of the culture solution on the rate of 
absorption of PO*“by plants was studied by determining the amount absorbed 
each day for nine weeks (table 7). 

The amount of PO« absorbed during the first week was higher than that 
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absorbed during the second and third weeks, probably because of the change in 
the root system of the com and sorghum plants. The plants were 2 weeks old 
after they had been in the culture solutions one week. At this time there is a 
gradual disappearance of the temporary root system and a beginning of the 
permanent root system. 

The PO« absorbed from the culture solutions increased with the phosphate 
concentration of the solutions, but the rate was not directly proportional to 
the concentration. In most cases the PO4 absorbed was more than doubled 
as the PCX concentration of the culture solution increased. The plants, how- 
ever, were larger and had a better developed root system in the culture solu- 
tions with high PO< concentrations than did those at low PCX concentrations. 
This would afford more absorbing surfaces. The plants grown in the culture 
solutions at 0.05 p.p.m. PCX absorbed very little PO« during the seventh week 


TABLE S 

The average weekly increase in height of plants grown in culture solutions at PO. concentrations 

indicated 


GBOWTO FWOD 

COIN 

lOKGHUM 

PO< (p.p.m.) in culture solutions 

PO« (p.p.m.) in culture solutions 

0.05 

0 10 

0.20 

0 50 

0.05 

0.10 

0.20 

0.50 

weeks 

CM. 

CM. 

CM. 

CM. 


cm. 

CM 

Cm. 

2 

7.5 

7.5 

8.1 



7.7 

10.0 

■39 

3 

19.5 


23.9 



5.3 

5.0 

mum 

4 

7.0 


14.0 


1.0 

2.0 

3.0 

in 

5 

■El 

13.0 

30.0 

41.0 

0.0 

6.0 

mam 

mSm 

6 

Bafl 

19.0 

27.0 

36.0 

0.0 

11.0 

Hi 

iH 

7 


21.0 

52.0 

45.0 

0.0 

12.0 

KS9 

41.0 

8 

m 

20.0 

24.0 

38.0 

0.0 

21.0 

31.0 

35.0 

Average 

Ea 

17.6 

28 5 

34.9 

0.7 

9.5 

16.1 
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and none thereafter, because they were practically dead. It is shown that the 
phosphate concentration of the culture solution has a decided influence on the 
rate at which PCX is absorbed by plants. 

Rate of growth and yields 

The average height of the plants grown in culture solutions with the various 
PCX concentrations was determined each week, beginning after the plants 
had been in the culture solutions two weeks. The results for com and sorghum 
are presented in table 8. When the com plants had been in the culture 
solution two weeks they were fairly uniform in height (table 8). During the 
third week the difference in rate of growth was small. After this period the 
rate of growth increased with the increased PCX concentration of the nutrient 
solution. The com grown att).05 p.p.m. PCX made no growth after the fourth 
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week. The rate of growth of the com plants in solutions at higher PO 4 con- 
centrations increased each week. The diameter of the plants increased with 
the increased phosphate concentrations of the culture solutions. Plants which 
were grown at 0.2 and 0.5 p.p.m. PO« were stocky, whereas those grown at 
0.05 and 0.1 p.p.m. were spindling. The sorghum plants in the various solu- 
tions grew at a slower rate than the com plants, otherwise the rate of growth was 
influenced by the P0 4 concentration of the culture solution in a similar way. 

No measurements were recorded after the plants were 8 weeks old, but the 
rate of growth increased with the PO 4 concentration of the culture solution 
until harvest. 

The rate of growth was also determined by weighing the plants each week, 
after allowing the solution to drain from the root system. The results are 
shown in table 9. There was practically no difference in the rate of com 
growth in culture solutions with various phosphate concentrations during the 


TABLE 9 

Increase in green weight of 3 plants grown in culture solutions at POt concentrations indicated 


GROWTH 

PERIOD 

CORN 

SORGHUM 

TOMATOES 

POs (p.p.ra.) in culture solutions 

POi (p.p.m.) in culture solutions 

P04(p.pjn.)in culture solutions 


0.05 

0.10 

0.20 

0.50 

0.05 

0.10 

IZ9 

0.50 





weeks 

gm- 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

2 

6.9 

4.7 

5.1 

00 

t^ 

3.4 

1.2 

3.3 


12.2 

11.4 

15 

29 

3 

12.0 

12.3 


11.7 


1.3 

2.2 

2.5 


3,5 

2.1 

13 

4 

14.0 

26.2 


91.5 

1.5 

4.2 

3.8 

7.5 

0.0 

EG 

3.5 

21 

5 

1.2 

35.5 

96.7 

mm 

0.3 

3.0 

7.5 

22.2 

mE 

BE 

KG 

14 

6 

7.9 

69.3 


igr 

4.8 

12.3 

34.2 

ml 

0.8 

26.0 

2 

59 

7 

4.5 


IjzQK 



28.0 

EX 



15.0 


142 

8 


kmB 

E 



72.0 

m 



64.0 

44.0 
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second week. But after this period the rate of growth increased markedly 
with the increased phosphate concentration, as measured by the weight of the 
plants. Com grown at 0.05 p.p.m. PO 4 made practically no growth after the 
fourth week, whereas at the other PO< concentrations the plants grew rapidly 
each week. Soighum grew much slower than com, but the PO 4 in the culture 
solutions affected its growth in the same direction. It may be seen from table 
9 that the tomato plants grew more rapidly in the solutions containing 0.5 
p.p.m. PO 4 than did those in solutions at 0. 1 and 0.2 p.p.m. PO 4 . The average 
weekly increase at the highest PO 4 concentration was about 80 gm. compared 
to 20 gm. at 0.1 p.p.m. PO 4 , whereas there was practically no growth at 0.05 
p.p.m. PO 4 . 

After these plants were harvested, they were divided into three parts; leaves, 
stems, and roots. It was desirable to obtain a small quantity of sap from the 
leaves and stems. Therefore, it was necessary to determine the green weights 
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of the plants grown in the various cultures. After a representative sample of 
the green material for the sap studies was obtained, the remaining green 
material was dried in an oven for three days at 70°C.; the dry weights were 
determined and the total dry weights of the plants produced in each culture 
calculated. The average dry weight of the plants grown in duplicate cultures 
is given in table 10. 

Com made very little growth in the culture solution containing 0.05 p.p.m. 
PO«; the dry weight of the tops was only 4.1 gm. The com tops grown at 0.10 
p.p.m. PO< made about 35 times as much growth as those grown at 0.05 p.p.m. 
whereas the roots were about 15 times as heavy as those at the lowest PO« 
concentration. The dry weights of the corn plants increased with the PO« 
concentration of the nutrient solution. A concentration of at least 0.50 
p.p.m. PO4 is required for maximum growth of corn. It is unfortunate that 
phosphate concentrations higher than 0.5 p.p.m. were not included in this 
study. The data indicate that high PO4 concentration in the culture solutions 
increased the weight of the corn stems to a greater extent than that of the 
leaves. The top: root ratio increased with the phosphate concentration of the 
culture solution. 

The I 0 W-PO 4 soil cultures, containing approximately 0.02 p.p.m. inorganic 
PO 4 in the soil solution, produced a better growth of com than did the culture 
solutions with 0.1 p.p.m. PO 4 . Com also grew better in the high-PO* soil 
cultures than in culture solutions at 0.1 p.p.m. PO 4 . The PO 4 content of the 
soil solution was not determined in this experiment, but it was probably not 
more than 0.1 p.p.m. PO 4 . 

The growth of sorghum and tomatoes increased with the phosphate concen- 
tration of the culture solution, as shown in table 10. The dry weights of plants 
grown at 0.05 p.p.m. PO 4 are not recorded because the plants were misplaced 
after the sap was obtained; they made, however, practically no growth in the 
culture solutions. The dry weight of sorghum tops was approximately 60 
per cent more at 0.5 p.p.m. PO 4 than at 0.2, whereas the increase in the dry 
weight of tomato tops was 135 per cent. It was shown in experiment 1 that 
sorghum and tomatoes made about the same growth in culture solutions 
containing 0.2 and 0.5 p.p.m. PO 4 . This difference may be due to the more 
favorable growing season. If a factor is limiting growth in some of the cul- 
tures and not in others, the differences in growth will be greater with more 
favorable temperature and light conditions. 

POi content of plants and plant sap 

The dry tissue of the plants that were grown in culture solutions containing 
various phosphate concentrations was finely ground and the percentage of PO4 
determined by the method used in experiment 1. The average results of 
duplicate determinations are shown in table 11. 

The data show that the PO4 content of the plants increases with' increasing 
concentrations of PO4 in the culture solutions, just as in experiment 1. The 
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increase was greatest in corn and smallest in sorghum. With all of the #Ht 
the increase in PO« content was greater in the tops than in the roots. The root! 
of the plants contained a higher percentage of P0 4 than the leaves when grown 
at0.05 and 0.1 p.p.m. PO«, but the reverse is true of the plants grown at 0.2 and 
0.5 p.p.tn. PO4. Tomatoes had a higher percentage of P0 4 than com of 
sorghum. The percentage «of PO4 in the plants grown in experiment 2 is 
lower than that of those grown in experiment 1. 

The sap from the plants grown in culture solutions with different PO< 
concentrations was obtained and clarified; and the inorganic P0 4 content was 
determined as described in experiment 1. The results are recorded in table 12. 


TABLE 11 

POt content of dry tissue of plants grown in culture solutions of the phosphate content indicated 


POiXN 

CULTURE 

CORN 



SORGHUM | 

TOMATOES 

SOLUTION 



Roots 

Leaves 

Stems 

Roots 

Leaves 

Stems 

Roots 


percent < 

per cent 

Per cent 

per cent 

Per cent 

per cent 

percent 

percent 

Per cent 

0.05 

0.25 

0.15 

0.44 

• • • • 

0.11 

0.46 

0.39 

No determi- 

1.17 

0.10 

0 38 

0.27 

0.40 

0.33 

0 29 

0.42 

0.81 

nations 


0.20 

0.60 

0.43 

0.46 

0 41 

0 35 

0.53 

0 75 

made 

0.96 

0.50 

0.82 

0.62 

0.73 

0.63 

0.58 

0.63 

1.14 


1.34 


TABLE 12 

POt content of sap from plants grown in culture solutions with phosphate concentrations indicated 


POi IN CULTURE 

1 CORN ! 

I SORGHUM 

I TOMATOES 




1 



SOLUTION 

Leaves 

Stems 

Leaves 

Stems 

Leaves 

Stems 

P.p.m. 

p.p.m. 


p.p.m. 

p.p.m. 

tp.m. 

p.p.m. 

mSm 

380 





... 

El 

235 




210 

Ill 

mSm 

490 

51 



315 

161 

■■ 

1,250 

141 


82 

438 

500 


The phosphate concentration of the culture solutions influenced the PO< 
content of the plant sap. The data show that the sap from the leaves contains 
a higher concentration of PO< than that fron the stems except in the case of 
tomatoes grown at 0.5p.p,m. PO«. Sap from corn plants grown at 0.05 p.p.m. 
PO4 contained a rather high PO« content, but this may be attributed to the 
fact that the plants were dried and practically dead when harvested. Sap 
from com leaves grown at 0.1 p.p.m* PO« contained about 235 p.p.m. PO4 
whereas the sap from those grown at 0.5 p.p.m. PO« contained approximately 
1,250 p.p.m. 

The sap from sorghum leaves and stems contained less PO« than that from 
com leaves and stems. No sap could be obtained from sorghum grown in 
culture solutions at 0.05 p‘.p.m. PO4 because the plants were dead when 
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harvested. An increased PO« concentration in the culture solution increased 
the PO4 content of the sap from sorghum and tomato plants just as in the case 
of corn. The sap from tomato leaves had a lower PO« content than that from 
com and sorghum. 



Fig. 1. Phosphate Content and Titration Curves for Sap prom Corn Stems Grown 
with Different Concentrations of Phosphate 

Buffer capacity of plant sap as related to its PO* content 

As shown in experiment 1, the PO< content of the plant sap was high even in 
plants that did not make maximum growth. The question arises u to why 
such concentrations of PO4 in the sap are inadequate for maximum growth. If 
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even higher concentrations of PO4 in the plant sap are necessary for maximum 
growth, what is the function of the phosphate in the sap? It seemed possible 
that Jhe phosphate played an important rdle as buffer material in the plant 
sap and that the high concentrations were essential for properly buffering the 
sap. Such an assumption seemed to be in accord with the results obtained by 
Martin (6)- on the relation between the PO4 content and buffer capacity of 
sap from the leaves and stems of the sunflowers. She found that die buffer 
capacity of the plant sap was always equal to that which should have been 
caused by the PO« contained in it. She concluded, therefore, that phosphate 
is the principal buffer in the plant. If her conclusion is correct, the plant sap 



Fig. 2. Phosphate Content and Titration Curves for Sap prom Corn Leaves Grown 
with Different Concentrations qf Phosfhate 

containing 1,200 p.p.m. POi should be much better buffered than that con- 
taining 200 p.p.m. In order to study this question, the buffer capacity of sap 
from plants grown in experiment 2 was determined. 

In making the study of buffer capacity, the sap was obtained as previously 
indicated. Its buffer capacity was determined by the change in reaction 
caused by small additions of iV/14 HjSO* and NaOH to 5 cc. of the sap. The 
reaction was determined by means of the quinhydrone electrode. 

The titration curves are shown in figures 1 to 4, inclusive. Figure 1 shows 
the PO 4 content and the titration curves for the sap from com stems grown in 
culture solutions with 0 . 1 , 0 . 2 , and 0.5 p.p.m. PO4. There is no difference 
in the buffer capacity of sap which contained 47 p.p.m. and that which con- 
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tained 115 p.p.m. PO«. The sap with 60 p.p.m. PO* had a greater buffer 
capacity than that containing more PO4. Figure 2 shows the PO4 content 
and the titration curves for the sap from com leaves grown in culture solutions 
at various P0 4 concentrations. These curves indicate very little difference 
in the buffer capacity of sap containing 210, 380, or 1,200 p.p.m. PO4. The 
PO4 content of the sap from sorghum stems did not affect its buffer capacity' 
as is indicated in figure 3. There is no difference in the buffer capacity of 
tomato stem sap which contained 500 p.p.m. and that which contained 161 
p.p.m. PO4 (fig. 4). The buffer capacity of the sap which contained 111 



Fig. 3. Phosphate Content and Titration Curves tor Sorghum Stems Grown with 
Different Concentrations of Phosphate 

Fig. 4. Phosphate Content and Titration Curves for Tomato Stems Grown with 
Different Concentrations of Phosphate 

p.p.m. PO4 is much less than that with a higher PO4 content. In a few cases, 
there seems to be a rather marked displacement of the curve and perhaps an 
increased H-ion concentration with low PO4 content. Probably this is due to 
the influence of phosphate on metabolic processes concerned with the forma- 
tion of organic adds, rather than to a lack, of phosphate for a buffer material. 

The results given in the foregoing indicate very clearly that phosphates play a 
minor r61c as buffer material in the plant sap and that the apparent necessity 
of a high phosphate content of plant sap cannot be explained on the basis of its 
functioning as buffer material. 
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experiment 3 

Hus experiment was planned to study the influence of the reaction of the 
culture solution on the rate of phosphate absorption by plants. Theron (13) 
found that the reaction of the culture solution had an appreciable effect on the 
absorption of Ca, Mg, K, and NOi ions. The cations were absorbed more 
rapidly from an alkaline solution than from an acid solution by barley and 

TABLE 13 


PO. absorbed in 3 days by 16 corn plants at reactions indicated 


TRIAL 

PO« ABSORBED FROM CULTURE SOLUTIONS OF 

pH 4 

pH 5 

pH 6 

pH 7.5 


mgm. 

mgm. 

mgm. 

mgm . 

1 

214 

204 

138 

15 

2 

164 

140 

108 

44 

3 

305 

266 

220 

40 

Average 

227 

203 

155 

33 


TABLE 14 

POi absorbed by 36 wheat plants at reactions indicated 


TRIAL 

ABSORPTION 

PERIOD 

PO« ABSORBED FROM CULTURE SOLUTIONS OF 

pH 4 

pH 5 

pH 6 

pH 7.5 


hours 

mgm. 

mgm. 

mgm. 

mgm. 

1 

3 

36 

36 

44 

8 

2 

3 

20 

18 

28 

0 

3 

10 

162 

208 

202 

84 

4>? 

10 

192 

202 

194 

56 

5 

10 

126 

110 

160 

4 

6 

10 

148 

146 

174 

8 

7 

24 

271 

263 

266 

134 

8 

24 

265 

274 

267 

104 

9 

24 

277 

282 

287 

222 

10 

24 

263 

269 

270 

152 

Average 


176 

180 

185 

77 


cucumbers. The NO* ions were absorbed more rapidly from add solutions 
Whereas the absorption of FCVions was very irregular. A more detailed 
study of the infiue&e of the reaction of the culture solution on the absorption 
of PO* was thought desirable. 

In an experiment of this kind uniform plants are very essential Therefore, a 
large number of seeds were germinated in quartz sand so that a very careful 
selection of seedlings could be made. Only those having the same appearance, 
height, and root development were used. Four corn seedlings were placed 
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in each 100-liter culture vessel. The composition of the culture solution is 
given in table 1. These plants were grown in the culture solution at the same 
reaction (pH 6.5) with a very limited amount of phosphate for three weeks. 
At the end of this period, the plants appeared uniform as to top and root 
growth, but it was desirable to find out whether or not they were uniform 
as to FO« absorption. The PO< content of the culture solutions was adjusted 
to 1 p.p.m. each day, and the amount of PO4 absorbed by the plants in each 
culture was determined for three successive days. In most of the cases the 
plants in each culture absorbed practically the same amount of phosphate, and 
those which were not uniform in this respect were discarded. The culture 
solution were then adjusted to the desired reactions; pH 4, 5, 6 , and 7.5 and 
these reactions were maintained by frequent additions of HtSCh or NH«OH. 
There were 4 cultures, or 16 corn plants, and 3 cultures, or 36 wheat plants, at 
each reaction. The PO4 content of the culture solutions was again adjusted to 
1 p.p.m. each day by the addition of potassium acid phosphate. 

The amount of PO 4 absorbed from the culture solutions with the various 
reactions was determined for several 3-day periods. After each absorption 
period the plants were placed in 4-gallon pots of tap water for a few days 
before another absorption period. During the second and subsequent absorp- 
tion periods the plants were interchanged so that they were never placed in the 
same solution during any two periods. That is, the plants which were in a 
solution having a reaction of pH 4 during the first absorption period were sub- 
sequently placed in solutions having reactions of pH 5, 6 , and 7.5. 

The results are shown in tables 13 and 14. The PO 4 absorption by corn 
(table 13) increased with the acidity of the culture solutions. The PO 4 absorbed 
was about 30 to 40 per cent more at pH 5 than at 6. In every case the absorp- 
tion was less at pH 7.5 than at any other reaction. There was no difference in 
the PO 4 absorption by the wheat plants from the acid culture solutions, as 
shown in table 14, but the PO 4 absorption was less from the culture solutions 
having a reaction of pH 7.5. 


DISCUSSION 

The results obtained in experiment 1 show that a phosphate concentration 
of at least 0.5 p.p.m. is required for the maximum growth of com. It also 
indicates that the maximum growth of tomatoes and sorghum may be obtained 
at a phosphate concentration of 0.2 p.p.m. The results obtained in experiment 
2 are in general agreement with those of experiment 1, except that a concen- 
tration of 0.5 p.p.m. PO4 was required for maximum growth. The cause for 
this difference is not known, but it may be climatic factors. These results 
differ considerably from those obtained by Parker and Pierre (11), in that those 
investigators obtained the maximum growth of com at a phosphate concentra- 
tion of 0.25 p.p.m. The cause of this failure to agree with their results is not 
evident, for the general procedure used in the two investigations was similar, 
the only known difference being the addition of boron to the culture ^solution 
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in the recent experiments. This seems unimportant, however, for Parker and 
Pierre used tap water and commercial chemically pure salts in preparing their 
solutions. 

When the relation to data on the PO< content of the soil solutions is con- 
sidered, the data obtained in this investigation show rather conclusively the 
inadequacy of the soil solution, as obtained by displacement, for the growth of 
plants. Parker (8) has discussed this relation rather fully, so a detailed 
consideration of it will not be given at this time. In this investigation, 
however, additional data bearing on the point were obtained by including a 
few soil cultures for comparison with the solution cultures. As was indicated 
in experiment 2, com growing in a soil whose displaced solution contained only 
0.02 or 0.03 p.p.m. inorganic PO4 made better growth than com in a culture 
solution containing 0.1 p.p.m. PO4. 

It is apparent from the foregoing that the root-soil contact is essential for good 
plant growth in some soils Comber (2), Parker (8), Hoagland (5), and Truog 
(14) have discussed this phase of the subject in detail. It will not be discussed 
here other than to emphasize the fact that it is essential, if we are to account 
for the absorption of phosphate from many soils of the humid region. 

The studies on the composition of the plant and plant sap indicate, as 
expected, that their phosphate content increases with an increase in the con- 
centration of the culture solution. The sap from the plants which made 
maximum growth had a very high phosphate content. For maximum growth, 
why was it necessary for the sap to contain such high PO4 concentrations? 
No attempt to answer this question is made, further than to show that the 
buffer capacity of the sap is not influenced by its phosphate content. 

<> SUMMARY 

Two experiments are given in which a study was made of the concentration 
of PO4 required for the maximum growth of com, sorghum, and tomatoes. 
In addition, the influence of the PO4 concentration of the culture solution on 
PO4 absorption, on rate of growth, on percentage of PO4 in the dry tissue, on 
PO« content of the plant sap, and on buffer capacity of the sap was studied. 
The experimental procedure was described in detail. A comparison of the 
growth of com and sorghum in soil and solution cultures was made. The 
influence of the reaction of the culture solution on the rate of PO4 absorption 
was studied. The growth of plants in soil and solution cultures was briefly 
discussed. The results of this investigation may be summarized as follows: 

1. Culture solutions of low phosphate concentrations were maintained very well by the 
use of a large volume of solution for each plant and by the addition of potassium acid phos- 
phate at frequent intervals, 

2. The rate of PO 4 absorption was not directly proportional to the PO 4 concentration of 
the culture solution. 

3. The rate of growth increased with increasing phosphate concentrations throughout the 

growing period, > 
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4. Maximum growth of com, sorghum, and tomatoes was obtained at 0.5 p.p.m. PO* 
Growth of com and sorghum at 0.2 p.p.m. PO 4 was good, the dry weight being about 71 per 
cent of the maximum. The dry weight of tomatoes at 0.2 p.p.m. was only 42 per cent of the 

maximum 

5* Plants made a better growth in soil whose displaced solution contained from 0.02 to 
0.03 p.p.m. inorganic PO 4 than in culture solutions at 0.1 p.p.m. PO 4 . 

6. The phosphate content of plant and plant sap increased with increasing concentrations 
of PO4 in the culture solutions. Tomatoes had a higher percentage of PO4 than com or 
sorghum, whereas the sap from com and sorghum leaves had a PO4 content higher than that 
of tomatoes. 

7. Phosphate played a minor rdle as a buffer material in the plant sap. 

8. Com and wheat plants absorbed P0 4 more rapidly from acid than from alkaline culture 
solutions. There was no appreciable difference in the rate of PO 4 absorption from culture 
solutions having a reaction of pH 4, 5, and 6. 
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In a previous publication (3) the author has shown that Dyer’s citric acid 
method breaks down as a discriminating agent for evaluating the available 
phosphoric acid of calcareous soils, and that 1 per cent potassium carbonate 
solution is capable of differentiating plots of known cropping and manurial 
history and thus gives an indication of the probable fertility of calcareous 
soils in their relation to available phosphoric acid. The present investigation 
was undertaken to determine whether this new method could be applied to 
other types of soil with equal advantage and thus rendered a universal method 
for the determination of available phosphoric acid of soils in general. 

It is generally conceded that plant-food exists in soils in two forms: one is 
often referred to as easily soluble, active or available, and consists of that 
smaller portion which can be utilized by plants for their immediate needs as 
distinguished from the second form, the larger but less available reserve supply 
in the soil. 

Numerous procedures have been adopted for the estimation of the easily 
soluble plant-food in soils. The most popular is the weak acid digestion. 
The mineral acids, hydrochloric or nitric acid, are employed in the United 
States, whereas citric acid has found favor in Europe and elsewhere. 

The reliability of these laboratory methods has been questioned from more 
than one quarter, and, no doubt, on account of the difficulty of reproducing 
soil conditions in the laboratory, they have always been justly considered more 
or less arbitrary. However, it may be safely stated that some of them do give 
results of a certain value when properly interpreted, as their findings have often 
been verified in the field; but it is doubtful whether in the present state of our 
knowledge we can evolve a method on which absolute reliance could be placed. 

In this connection the work done at the Texas Agricultural Experiment 
Station (6, 10, 11) may be of interest. There the solubility of soil minerals has 
been studied by bringing phosphate or potash minerals into contact with 0.2 N 
HNO* — used as a substitute for 1 per cent citric acid solution— in the propor- 
tions in which these minerals may occur in the soil and under the conditions 
of the extraction. Calcium phosphate and precipitated phosphates of iron and 
aluminium are completely soluble, and vivianite and triplite are nearly so in 
0.2 N HNO«. The aluminum phosphates, e.g., variscite and wavellite, and the 
basic ferric phosphates are comparatively slightly soluble. 
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Ferrous phosphate, vivianite, rarely exists in ordinary cultivated roils 
although it may be found in some soils suffering from lack of aeration. A 
0.2 N HNOs dissolves calcium phosphates completely, but mineral aluminut 
or basic ferric phosphates to only a slight extent, it differentiates between t tes 
two classes of phosphate compounds in the soil. Apatite, phosphate r< c]| 
precipitated ferric and aluminum phosphates, vivianite, and triplite are aln or 
equally soluble. Acid phosphate may also be taken as completely solu >m. 
But these compounds can hardly be claimed to possess the same value to 
plants, nor is a solvent now known which would dissolve phosphoric a id 
from die phosphates mentioned, in the same proportions as it would be assimi- 
lated from them by plants. What we cannot do with known mineral phos- 
phates of known composition and character outside of the soil, we can hardy 
expect to do with the same phosphates when they are incorporated in the soil, 
and far less with the unknown phosphates already locked up within the soil 

Soils may, therefore, contain equal quantities of phosphoric acid soluble n 
0.2 N HNOs and yet liberate unequal quantities for plants, on account of diffe - 
ences in the phosphates present. This consideration must give rise to cautio i 
while different types of soil are being compared with one another. Only those 
soils should be compared which probably contain the same kindg of phor 
phates. Soils widely dissimilar in origin and character can hardly be compared . 
unless there is strong evidence that they contain similar phosphates. 

Moreover, the nature of the plant which is grown, apart from other factors, 
must always play an important rdle with regard to the avialability of different 
phosphates present in soils or applied to the same as fertilizers. Truog (9), 
in a comparison of 10 different kinds of plants grown under greenhouse condi- 
tions with add phosphate, rock phosphate, precipitated caldum phosphates, 
aluminum/ phosphate, iron phosphates (both ferrous and ferric), magnesium 
phosphate, or manganese phosphate as sources of phosphoric add, found that, 
contnuy to the general belief in the relative unavilability of aluminum and 
iron phosphates to plants, 9 out of 10 plants made better growth on alumnium 
phosphate than on calcium phosphates, and 6 made better growth on 'ferric 
phosphate. This dearly indicates the inadequacy of chemical solvents in 
measuring the availability of different phosphates. 

Further, many investigators (2,10,11) have observed that thegrowing plant 
itself possesses more or less power to feed directly on phosphates and that some 
plants possesss specially marked powers. As a result, no common limiting 
figure for available phosphoric add can be suggested, as given by Dyer (4), 
which will be equally applicable to all types of soil, for the figure varies not 
only with the character of the soil, but also depends on the kinds d$ crops 
grown. Consequently, this figure must be worked out for different soils, and 
it will vary even in t^ie same soil according to the type of crop grown on it from 
time tp time. » 4 

Fraps (5) has dealt with th& problem of availability of plant-food in soils 
from a different stand-point. According to his findings the amount of any 
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given plant-food which is withdrawn from the soil by the plant depends upon 
a number of factors, which are classified as follows. 

1. The amount of plant-food present at the beginning of the growing season in a form 
which can be partly or completely absorbed by the plant is termed chemically available . 

2. Compounds chemically available may be enclosed within the soil particles so as not to 
be exposed to the action of plant roots. Such compounds are physically unavailable . If the 
encrusting substance is removed, such compounds become chemically available. 

3. The amount of plant-food transformed during the growing season into forms of com- 
bination which can be absorbed by plants may be measured in terms of weathering availability. 
This factor is certainly of importance with respect to nitrogen. Its importance in the case of 
potash and phosphoric acid is apparently not so great; but the matter requires study. 

4. Plants differ both in their caoacity to absorb food and in their need of it. Whatever 
may be the cause of these differences, there is no doubt that they exist. This factor is desig- 
nated physiological availability. 

The character of the soil, its chemical composition, the conditions which 
prevail during the growth of the plant, the incidence of sunlight, the effective 
range of temperature, the nature of the microflora present, and the movement 
of air and water must bring into play several factors affecting the availability 
of plant-food in soils. Moreover, our knowledge of soil physics and plant 
physiology needs further development before we can positively assert much 
in this direction. Physico-chemical studies, however, relating to base ex- 
change and colloidal behavior are likely to give the soil chemist a powerful 
weapon to combat hitherto baffling problems and to throw new light on many 
unexplained soil phenomena. 

The extraction with 1 per cent potassium carbonate solution has proved use- 
ful for the estimation of available phosphoric acid of calcareous soils (3). 
The underlying principle of its action on calcareous soils is twofold: a reaction 
takes place with any dicalcic or such other phosphates present in these soils, 
with the production of insoluble tricalcic or other phosphates and of soluble 
potassium phosphate; and, further, phosphorus in organic combination in 
humus is also dissolved. 

Dyer’s 1 per cent citric acid solution has been shown to be unsuitable for 
calcareous soils (3), and therefore the results obtained with other types of soil 
by this method cannot be compared with those of calcareous soils. On the 
other hand, if the extraction with 1 per cent potassium carbonate solution which 
has been found useful for calcareous soils, proves equally effective for other 
types of soil too, then it can be recognized as a more or less universal method 
for the estimation of available phosphoric acid of soils in general. 

In order to test this point as well as to compare the two methods, many 
typical soils from different parts of India were collected for examination, the 
cropping and manurial history of these soils being accurately known. In a 
few cases the total phosphoric acid of soils was also determined with a view 
to finding out whether it had any significant relationship to available phos- 
phoric acid. The method of extraction with 1 per cent potassium carbonate 
solution has already been described (3) and is practically the same as Dyer’s 
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TABUS 1 

A comparison of idol and available phosphoric acid by citric add and potassium carbonate 
methods in acid soils of known cultural history 


DESCXIKTON Of PLOTS 


CROPS OXO WN 


PX1 

CENT 

TOTAL 


PiO. 

(D 


FEE CENT 
AVAILABLE PlOl 




K 

T 


C 

T 


Tocklai Indian Tea Association , Assam 


Borbhetta-Kharikatia Plots: 







No manure 

Tea 

0.03S2 

0.0023 

0.0080 

0.228 


Superphosphate 

Tea 

0.0414 

[«OMI 

0.0112 

n 

0.124 

Basic slag 

Tea 

0.0454 



m 

0.126 

Limestone 

Tea 

0.0406 

mm 


0.157 


Limestone + KaS0 4 

Tea 

0.0432 


0.0131 

rreTtn 

0.123 

Limestone + superphosphate 

Tea 

0.0436 

ggg 

jiMonxj 

0.237 

0.114 

K,S0 4 

Tea 

0.0317 

Ml 

99 

0.231 

mM 

K,S0 4 4* superphosphate 

Tea 

0.0443 

0.0049 

0.0129 

0.292 

0.112 

Borbhetta-Betjan Plots: 







No manure 

Tea 

0.0413 





Manured 

Tea 

0.0450 



0.281 


Borbhetta-Matelli Plots: 







Bonedust 

Tea 


rlrSH 


0.183 

im 

Bonedust -f- fish guano 

Tea 




0.263 

0.098 

Bonedust + nitrolim 

Tea 


s 

li 

0,134 

0.071 

Bonedust 

Tea 


PS 


0.263 

1 ' ' 

Bonedust . 4- NaNO* 

Tea 


0.0039 

Wok5! 

0.197 


Bonedust + (NID 2 SO 4 

Tea 



0.0080 

H 


Bonedust + mustard cake 

Tea 

0.0431 



B 

23 


Non-phosphated . 
Phosphated 


Non-phosphated , 
Phosphated 


Block E t Jorhat Government Farm , Assam 


Sugarcane 
(5. Maurifus) 
Sugarcane 
(S. Maurttus ) 

Sugarcane, D. 74 
Sugarcane, D. 74 



Non-phosphated. 
Phosphated 


Block D, Jorhat Government Farm , Assam 


Sugarcane, D. 74 
Sugarcane, D. 74 


0.00190.0079 

0.00170.0113 


Block E, Karimganj Government Farm , Assam 


Control . 

Paddy 

Paddy 

■pp 


■ 

■ 

Bonemeal. 


£323 

mm 

B 

* — — 

Hi 

mm 

mm 
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TABLE I -C/mcluM 


DESCRIPTION Of PLOTS 

CROPS GROWN 

PER 

CENT 

percent 
AVAILABLE P«0« 

■ 

c 

TOTAL 

P«0* 

(D 

?y. 1 

citnc 
»cid (O 

k5?Oi 

(*) 

1 

T 

Htnwabi Experimental Station , Burma 


Bad, unmanured. . 
Good, unmanured. 


No manure . 
Bonemeal. . . 


Paddy 

MS 

Mil 


0.074 

Paddy 

m 

3 S 

mm 

0.235 

Paddy 

Jjjj 

Hi 

Hi 


Paddy 

29 

m 

2S 

0.116 


Cinchona Camp, via Margui, South Burma 


Bad soil from ridge 

Cinchona 

mm 




Good soil from slope 

Cinchona 

H 

B 

ARES 




citric acid method except for certain details. For easy reference, however, 
it is briefly stated in the following. 

One-hundred grams of air-dry soil passing 2-mm. mesh are shaken with 1 liter of 1 per cent 
potassium carbonate solution for 24 hours in a mechanical shaker. The extract, containing 
some potassium carbonate in the free state, is separated by suction and neutralized almost 
wholly with nitric acid and then with a little hydrochloric add; as a result a considerable 
amount of potassium nitrate is produced in the solution, which helps the granular predpi- 
tation of ammonium-phosphomolybdate in the ammonium molybdate method of estimating 
phosphoric add. 

Soils collected may be broadly divided into three groups; namely, 

1 .Acid soils, in which are also included humus and laterite soils. 

2. Alkali soils, which also include calcareous soils. 

3. N on-calcareous soils, including various typical soils not belonging to 1 and 2. 

ACID SOILS, INCLUDING HUMUS AND LATERITE SOILS 

Acid soils were obtained from the Government Farms of Jorhat and Kari- 
mganj, the Tocklai Experimental Station of the Indian Tea Association, 
Assam, and also from Burma. The soils were collected from plots whose 
cropping and manurial history was known. The pH of these soils varies from 
3.0 to 6.0. The results obtained are set forth in table 1 . 

It will be noticed that the analytical figures for phosphoric acid obtained 
with 1 per cent potassium carbonate extraction serve to differentiate manured 
from unmanured plots, and compare well with those given by Dyer’s citric 
acid method. In some cases total phosphoric acid was determined in order to 
see whether it had any relationship with the values of available phosphoric 
add. The ratio of KjCOrSoluble to total phosphoric add varies from 0.13 
to 0.30 in the case of add soils of Tocklai Indian Tea Assodation, Assam, 




















TABLE 2 

Comparison of total and available phosphoric add by citric acid and potassium carbonate methods 
in laterite soils of known cultural history 



Nn manure , . , 

Paddy and maize 
Paddy and maize 

HH 





Bonemeal 

■ 




mm 

Hi 

mm 


Basu’s Experimental Plots, Dacca 


Bonemeal 

Paddy 

Paddy 


0.0020 

0.0015 




Bonemeal + lime 





H 




North Hazi Plots , Blocks B and C , Dacca 


No manure 

Mustard, paddy, 
and matikalai 
( Phaseolus 
mungo) 

© 

S 

00 

0.0021 

0.0075 

0.121 

0.034 

Bonemeal 

Mustard, paddy, 
and matikalai 
(Phaseolus 
mungo) 

0.0854 

0.0067 

0.0099 

0.115 

0.078 

Lime 

Mustard, paddy, 
and matikalai 
(Phaseolus 
mungo ) 

0.0675 

0.0043 

0.0065 

0.096 

0.064 

Lime + bonetneal 

Mustard, paddy, 
and matikalai 
(Phaseolus 
mungo) 

0.0827 

0.0127 

0.0081 

0.098 

0.154 

Cowdung 

Mustard, paddy, 
and matikalai 
(Phaseolus 
mungo ) 

0.0639 

0.0025 

. 

0.0081 

0.127 

0.039 

Cowdung + bonemeal 

Mustard, paddy, 
and matikalai 
(Phaseolus 
mungo) 

0.0737 

0.0089 

0.0116 

0.157 

0.121 

. 

: 

Cowdung + lime 

Mustard, paddy, 
and matikalai 
(. Phaseolus 
mungo) 

0.0596 

0.0027 

0.0065 

0.109 

0.045 

Cowdung 4 * lime + bonemeal 

Mustard, paddy, 
and matikalai 
(Phaseolus 
mungo) 

0.0891 

0.0154 

. 

0.0100 

0.112 

0.173 
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TABLE 2— Concluded 





PEE CENT 



DEsetipnow or plots 

CftOPS GlOWtf 

PEI 

CENT 

AVAILABLE PlOl 

K 

c 

TOTAL 

P.O. 

CD 

?y. 1 

ettne | 

kSo, 1 

T 

T 



«dd (C) 

(A) 




North Hazi Plots , Blocks A and D, Dacca 


Green manure. 


Green manure + bonemeal. 


Green manure + cowdung. 


Green manure + cowdung + lime. 


Green manure + lime. 


Green manure + lime + bonemeal. 


Green manure + bonemeal + cow- 
dung 


Green manure + bonemeal + cow- 
dung + lime 


Mustard, paddy, 
and matikalai 
( Phaseolus 
mungo) 

Mustard, paddy, 
and mati kalai 
{Phaseolus 
mungo ) 

Mustard, paddy, 
and matikalai 
{Phaseolus 
mungo) 

Mustard, paddy, 
and matikalai 
{Phaseolus 
mungo) 

Mustard, paddy, 
and matikalai 

, {Phaseolus 
mungo) 

Mustard, paddy, 
and matikalai 
{Phaseolus 
mungo) 

Mustard, paddy, 
and matikalai 
Phaseolus) 
mungo) 

Mustard, paddy, 
and matikalai 
{Phaseolus 
mungo) 


0.0609 


0.0722 


0.0489 


0.0833 


0.0018 


0.0042 


0.0021 


0.0007 


nil 


0.0079 


0.0072 


0.0090 


[ 0 . 0096 ] 


0.0075 


0.0059 


0.0128 


0.118 


0.125 


0.0054 


0.0071 


9.0128 


0.0100 


( 0.030 


0.058 


0.110 


0.085 


| 0.095 


whereas the corresponding ratio in the case of citric-soluble phosphoric acid 
ranges between 0.04 and 0.12. The variation of these ratios is still greater in 
Burma acid soils. It will be evident that the greater fertility of the plots 
examined with respect to available phosphoric add is usually accompanied by 
proportionally increasing ratios by both the methods. 

Similarly, Lemmermann (7) and Andre and Copaux (1), from a determina- 
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tion of the ratio of citric-soluble to total phosphoric acid of soils of known agri- 
cultural history, concluded that the greater the ratio between citric-soluble 
and total phosphate, the smaller the return which follows the application of 
soluble phosphate, and that it is not so much the absolute dose of phosphoric 
add that matters with regard to the factor of fertility as the size of the pre- 
ceding ratio. Vanstone (12) also compares the value of determinations of this 
ratio with the information given by the Dyer’s method. 

Next, laterite soils collected from Dacca Central Farm were examined for 
available phosphoric add. These soils are acid in reaction, the pH varying 
from 4.0 to 6.0. The results are given in table 2. 


TABLE 3 

Comparison of total and available phosphoric add by citric add and potassium carbonate methods 
in humus soils of known cultural history 


DESCRIPTION OP PLOTS 


CROPS CROW 


res 

CENT 

TOTAL 

PtO» 

(3D 


PEI CENT 
AVAILABLE PjOl 


citric 
acid (O 


* 


* 

r 


T 


Hill soils , Simla 


Polo ground 

Grassland 

0.286 

0.0622 

0.0348 

0.122 

0.218 

Race course 

Grassland 

0.360 

0.1208 

0.0424 

0.118 

0.336 


Somerford Orchard , Ramgarh , District Nainital , U. P. 

Soil no. 2 

Fruit trees 

RRH 





Soil no. 3 

Fruit trees 

0.235 


23 




Hill soils , Cloud End , Mussoorie 

Soil no. A 

Fruit trees 
Fruit trees 

VPI 

§WBjJ 

0.035 


0.065 


Soil no. C 


0 117 


0.092 

niTyiSi 

Soil no. D 

Fruit trees 

311111 



0.066 

0.147 

Soil no. E 

Fruit trees 

ot^ll 


flRSjK 

0.091 

0 283 

Soil no. F 

Fruit treefc 

Wmm. 

uu 


0.076 




The same remarks apply here as in the case of acid soils reported in table 1. 

Hill soils are generally very rich in humus and available plant-food, butpoor 
in lime content. They are acid in reaction. Some such soils of known agri- 
cultural history were obtained from Simla, Mussoorie, and Ramgarh for ex- 
amination. The results are given in table 3. 

Here, too, the same remarks apply as in the case of other acid soils of this 
group. 

f 

-\ ALKALI SOILS INCLUDING CALCAREOUS SOILS 

Results of alkali soils obtained from Sukkur Agricultural Station, Sindh, 
are given in table 4. Good soils represent those which are being reclaimed 
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under the Sukkur Barrage Scheme recently brought into being, and are more 
fertile than bad soils which have as yet been little reclaimed. The determina- 
tion of total phosphoric acid was omitted in soils of this group. 

It will be noticed that the citric acid method breaks down altogether as a 
criterion for distinguishing good soils from bad ones, and, as a matter of fact, 
carries an erroneous impression with regard to the fertility of these soils. On 
the other hand, the values obtained with potassium carbonate solution are 
borne out by the cultural history of the plots under examination. 

In this group are also included calcareous soils obtained from the Bombay 
Presidency, Central Provinces, and Berars. The results are set forth in table 5 . 

In the case of soils from Manjri Dry Farming Station, Bombay, the citric 
acid extraction did not yield any phosphoric acid which could be estimated 
by ordinary methods of analysis. The figures obtained with potassium car- 


TABLE 4 

Comparison of available phosphoric acid by citric acid and potassium carbonate methods in alkali 

soils of known cultural history 


DESCUPTION OF PLOTS 

CIOPS GIOWN 

PEX CENT 
AVAILABLE P«0» 

By 

citric 

acid 

K«(ibt 

Bad soil 

Sorghum, berseem and wheat 
Sorghum, berseem and wheat 

Sorghum 

Sorghum 

0.0198 

jjfjjjffl 

Good soil 

0.0031 


Bad soil 

■ 

m 

Good soil 





bonate solution, though not very conclusive, yet give some indication of the 
fertility of the lands. In the case of soils of Poona Agricultural College Farm, 
black soils of Nagpur College Farm, and black cotton soils of Akola Govern- 
ment Farm the potassium carbonate method gives values of available phos- 
phoric acid which are clearly corroborated by field tests, whereas the results 
with the citric acid process are rather erratic. 

Thus it will be noticed that in practically all cases examined, the method of 
extracting with 1 per cent potassium carbonate solution has differentiated 
between manured and unmanured plots and also between plots treated with 
phosphatic fertilizers and those treated with fertilizers containing no phos- 
phates, whereas the citric acid method yields uneven and even misleading 
values in most cases. 

In the present instance, as the total amount of phosphoric add of these soils 
was not determined, the ratios of potassium carbonate-soluble or citric-soluble 
to total phosphate could not be compared. The results of calcareous soils 
detailed in a previous publication by the author (3), where total phosphoric 
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add was determined, show that the greater fertility of soils under examination 
with respect to their available phosphoric add is generally accompanied by 
proportionally bigger ratios obtained with the potassium carbonate method. 


TABLE 5 

Comparison of available phosphoric acid by citric acid and potassium carbonate methods in 
calcareous soils of known cultural history 




PERCENT 

description or plots 

CROPS GROWN 

AVAILABLE P|0| 

By 

citric 

Icid 





Manjri Dry Farming Stalion y Bombay 


Plot no. 2, control 

Bajri ( Pennisetum 
typhoideum) 

nil 


Plot no. 6, farmyard manure 

Bajri (. Pennisetum 
typhoideum) 

nil 


Plot no. 7, green manure 

Bajri (. Pennisetum 
typhoideum) 

nil 

0.0012 

Control, shallow 

Bajri (. Pennisetum 
typhoideum) 

nil 

0.0011 


Poona Agricultural College Farm , Bombay 


No manure 

Horse gram 

0.0024 

0.0023 

Plot no. 6A, formyard manure 

Horse gram 

0.0024 

0.0036 

Plot no. 6B and 5B, farmyard manure 

Horse gram 

0.0011 

0.0034 

Plot no. 23 A, farmyard manure 

Horse gram 

0.0286 

0.0050 

Plot no. 21A and 22A, farmyard manure 

Horse gram 

0.0406 

0.0065 


Black soil t Nagpur College Farm , C. P. 


Bung + urine 

Dry excreta 

Urine 

No manure 

Scarified 

Country ploughed and scarified. 
Inversion ploughed and scarified 


Sdtghum and gram* 

0.0009 

Sorghum and gram* 

0.0002 

Sorghum and gram* 

0.0010 

So/ghum and gram* 

0.0016 

Wheatf 

0.0109 

Wheat j 

0.0076 

Wheatf 

0.0150 


0.0012 

0.0011 

0.0008 


0.0023 

0.0024 


Black cotton soils , A kola Government Farm , Berars 


Castor cake + super 

Cotton* 

mm 


Castor cake + super + lime 

Cotton* 



Castor cake + super + lime 

Cotton* 

B 1 

M 

* 


* Yields in descending brder. 
t Yields in ascending order. 
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Such relationship would not obviously hold in the case of the Dyer’s method, 
which gives rather erratic results in these soils. 

NON-CALCAREOUS SOILS 

These soils represent approximately neutral soils, being neither too acid nor 
too alkaline in reaction. The results are set forth in table 6. In a few cases 
total phosphoric acid was also determined. 

It will be noticed that in practically all cases examined both the methods of 
extraction have differentiated between manured and unmanured plots, and also 
between plots treated with phosphatic fertilizers and those treated with other 
fertilizers containing no phosphates. It is only in the two groups of acid and 
non-calcareous soils that both methods agree closely, whereas in the case of 
calcareous and alkali soils the citric acid method gives erratic results. On the 
other hand, the method of extracting with 1 per cent potassium carbonate 
solvent gives, in a uniform manner and in all types of soil, values for available 
phosphoric acid which are significantly related to the cultural history of the 
plots, and are therefore comparable with regard to the probable fertility of 
soils in their relation to available phosphoric acid. This possibility is rather 
remote in the case of the citric acid process, for reasons already detailed above. 
The same fact will obviously hold true in the case of any of its substitutes de- 
pendent upon acid dieestion. 

Further, the potassium carbonate solvent is capable of dissolving phos- 
phorus in organic combination in humus, which citric acid solution fails to do. 
It is well known that phosphorus in organic combination generally remains 
in a colloidal and highly dispersed state in the soil solution, and, as such, is 
believed to be more efficacious and easily available to plants than inorganic 
phosphates in soils (8). Thus it may perhaps be maintained that potassium 
carbonate solution, which extracts phosphorus in both organic and inorganic 
combinations in soils, is a very suitable solvent for the estimation of soil phos- 
phates which will be available for plant nutrition. Consequently, the potas- 
sium carbonate method is capable of measuring the probable fertility of all 
types of soil with respect to available phosphoric acid, and, as such, can be 
recommended as of universal application for this purpose. Besides, citric 
acid solution extracts, in the majority of cases, especially in calcareous soils, 
very small amounts of phosphoric acid, giving rise to great manipulative diffi- 
culties in their estimation . Thus the potassium carbonate method is a decided 
improvement on the existing citric acid method. 

SUMMARY AND GENERAL CONCLUSIONS 

A large number of typical soils of known cropping and manurial history, con- 
sisting of acid, laterite, humus, alkali, calcareous, and non-calcareous ones, 
were collected from different parts of India for a comparison of the new potas- 



TABLE 6" 

Comparison of total and available phosphoric acid by citric acid and potassium carbonate methods in non~ealcareovs soils of known cultural history 


SVXENVMAIAL DAS 





Koilpatti Agricultural Station, Madras 
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No manure Gram, peas, and wheat 0.0518 0.0083 

Castor cake Gram, peas, and wheat 0.0379 0.0119 

Farmyard manure Gram, peas, and wheat 0.0233 0.0044 



TABLE 6— Concluded 


*6 





Field A/la, plot no. 11, control Striped sugarcane 0 0150 

Field A/ la, plot no. 16, super Striped sugarcane 0.0277 

Field A/la, plot no. 10, complete manure Striped sugarcane 0.0165 
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sium carbonate method with Dyer's citric acid method for the estimation of 
available phosphoric acid. The following conclusions are summarized from 
the results obtained: 

1. The results obtained showed that the potassium carbonate method is equally applicable 
to all types of soil, whereas the citric acid method breaks down as a discriminating agent for 
evaluating the available phosphoric acid of alkali and calcareous soils. 

2. Besides the obvious advantage of a more general application, the potassium carbonate 
method possesses several other points in its favour and should therefore replace the existing 
Dyer’s method or any of its substitutes dependent upon acid digestion for estimating the 
available phosphoric acid of soils. 
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The importance of investigating the relationship of bacterial activities in the 
soil to crop production was emphasized by Brow n (2). Perhaps it is equally 
important to know what influence the crop may have on the bacteria, in order 
that the complete cycle may be understood. Since it is recognized that cer- 
tain bacteria, such as nitrifying, nitrogen-fixing, and cellulose-decomposing 
species, are necessary aids to soil fertility, the complete understanding of such a 
cycle might make it possible to utilize these microscopic agents more effectively. 

The following are a few representative illustrations from the literature deal- 
ing with the effects of crops on the microscopic soil flora: 

Hiltner ( 5) stated that growing plant roots stimulate the activities of free-living nitrogen- 
fixing bacteria. Heinze (4) found that Azotobacter appears to be more widely distributed in 
cultivated than in virgin soil. 

Greaves (3) reported the analyses of hundreds of samples of cultivated and virgin soils 
in Utah and concluded that virgin soils have a low nitrogen-fixing power as compared with 
cultivated soils. Brown (2) investigated the effect of crop rotation over a few seasons. His 
results indicated that a rotation of corn and clover resulted in more active nitrogen-fixation 
than did com alone. A rotation of com and cowpeas had little effect, whereas the rotation 
of com with rye apparently depressed nitrogen fixation. 

Starkey (14) investigated some influences of the development of higher plants upon the 
microorganisms in the soil. His article is cited especially because it contains a considerable 
bibliography on the subject. 


EXPERIMENTAL 

The present investigation is closely connected with a field experiment which 
has been in progress for some years at the Massachusetts Agricultural Experi- 
ment Station on the effects of different crop rotations and fertilizer treat- 
ments on crop production. Some of the results of these field experiments have 
been published by Ruprecht (10), by Ruprecht and Morse (11, 12), and by 
Morse (6, 7, 8, 9). 

The field, designated as field A, is divided transversely from east to west into 
six strips, each 2 rods wide, which are numbered 5 to 10 inclusive. The original 
field included four additional strips, 1 to 4 inclusive, but the construction of a 
new building a few years ago made their abandonment necessary. Strip 10 
is across the north end of the field. The field is further divided longitudinally 
from north to south into four strips each 2 rods wide. 
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The first longitudinal strip (beginning on the west side of the field) and the 
third are planted certain years with a legume crop such as soybeans or clover, 
and the second and fourth are planted with a non-legume such as millet. On 
alternate years, the whole field is planted with a non-legume crop, corn being 
used frequently. Thus, the west and east halves of the field are exact dupli- 
cates so far as crops are concerned. 

The longitudinal strips are designated in this report by the letters LW 
(legume west), NLW (non-legume west), LE (legume east), and NLE (non- 
legume east). The transverse and longitudinal divisions of the field result in 
24 plots each 2 rods square, each of which is designated by the letter of the 
. longitudinal and the number of the transverse strips, as 10 NLW and 6 LE. 


TABLE 1 

The arrangement and fertilizer treatment of field A 
North 



LEGUMES 

WEST 

NON-LEGUMES 

WEST 

LEGUMES 

EAST 

10 


Dry ground fish 

9 


No nitrogen 

8 


Ammonium sulfate 

7 


No nitrogen 

6 


Ammonium sulfate until 1922 

No nitrogen since 

5 


Sodium nitrate 


The field has been used for a continuous experiment on the effects on crops 
of different plant nutrients, including nitrogen, potash, phosphorus, and lime 
compounds. Strip 5 has been treated annually with sodium nitrate, strip 8 
with ammonium sulfate. Strip 10 was formerly treated with dried blood, and 
more recently with dried ground fish. Strip 6 was formerly treated with am- 
monium sulfate but has had no nitrogen since 1922. Strips 7 and 9 have not 
received any kind of nitrogenous fertilizer since the experiment was begun in 
1882. The whole field is treated annually with uniform quantities of potash 
and phosphorus. The lime treatment is shown in table 4. The treatment of 
the field and its influence on crops will be found in the articles by Morse (6, 7, 8, 
9) and by Ruprecht and Morse (11, 12). The present experiment has been 
carried out along similar lines since 1923. 

Table 1 shows the arrangement of the field and the nitrogen treatment. As a 
result of the fertilizer treatment and the system of cropping, the 24 individual 
plots fall into the following groups: those planted with legumes and receiving 
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nitrogen, those planted with legumes but receiving no nitrogen, those planted 
with non-legumes and receiving nitrogen, and those planted with non-legumes 
and receiving no nitrogen. 

At the end of each season, the crops are weighed and analyzed for nitrogen 
content; nitrogen determinations are also made on the soil from time to time. 
The department of chemistry of the Massachusetts Agricultural Experiment 
Station has had charge of the experiments outlined in the foregoing and some 
of the analyses have been made by the department of feed control. 

The outstanding results of the crop and soil analyses have been as follows: 
1. More nitrogen has been taken off the field with the crops than has been 
added as fertilizer. 2. Plots which have not received nitrogen but have been 
planted with legumes have produced as good crops as any of the others. 3. 
When crops of Japanese millet have been grown on the field, and in some sea- 
sons together with corn crops, the yield has been uniformly good over the whole 
field, including plots which have had no nitrogen added and no legume crops 
grown on them. 

It is the purpose of this investigation to determine what effect the crop rota- 
tion and fertilizer treatment may have on nitrogen-fixation, and also whether 
the nitrogen-fixation is sufficiently active to account for the residual nitrogen 
observed in parts of the field which have had neither legume crops or fertilizer 
treatment. 

The experimental work has been conducted according to the following four 
plans: 

I. A comparative study of the bacterial flora of the plot soils in held A by quantitative 
plating on different media and the subsequent isolation in pure culture of the predominating 
types of microorganisms. 

II. A study of the ability of the organisms isolated in plan I to fix atmospheric nitrogen. 

III. An investigation of the relative nitrogen-fixing ability of the soils of the plots of field A. 

IV. Determination of the hydrogen-ion concentration of the soils of the plots of field A, 
and its possible relation to the nitrogen fixation observed in these plots. 

Samples of soil for examination were collected in glass-stoppered bottles and 
also in 8-inch flower pots lined with a coating of paraffine. The bottled soils 
were taken to the laboratory for immediate examination. The moisture con- 
tent of the soil in the pots was determined and they were stored in a green- 
house for use during the winter months. Every second day the pots were 
weighed and the loss from evaporation was made up by the addition of sterile 
distilled water. The bottled soil will be referred to, in this report, as series B; 
that in the pots will be designated as series P. 

/. Bacterial flora of plot soils in field A 

The first experiment undertaken was a quantitative study of the flora of the 
different plots of field A. Composite soil samples were taken from plots re- 
ceiving nitrogen and growing legumes, from plots receiving nitrogen but not 
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growing legumes, from plots not receiving nitrogen but growing legumes, and 
from plots not receiving nitrogen and not growing legumes. 

The media used for plating were Ashby’s agar, meat-extract peptone agar, 
dextrose peptone agar, and soil-extract agar. 

Ten grams of soil were added to 90 cc. of sterile physiological salt solution 
and shaken in a machine. Preliminary investigation suggested dilutions as 
follows: 1-100,000, 1-250,000 and 1-500,000. Quadruplicate plates were 
incubated at 25°C., and for six days where possible. Because of spreaders 
which obscured colony formation, meat-extract and peptone agar plates were 
incubated for only three days. The results, shown in table 2, indicate that 
the variations are inconsistent and, for any given medium, they are within the 
range of experimental error. They probably may be accounted for by biologi- 
cal variation, and are without significance. 


TABLE 2 

Numbers of bacteria in various soil combinations on different culture media 
Millions of bacteria to a gram of dry soil 


MEDIUM 

BACTERIA IN SOIL COMBINATIONS* 

NL 

N N-L 

ML 

N-N N-L 

Ashby’s agar, Series B 

4.06 

5.44 

5 25 

4.06 

Ashby’s agar, Series P 

8.75 



11.50 

Meat-extract peptone agar, Series B 

8.57 

7.07 

1 8 00 1 

10.42 

Meat-extract peptone agar, Series P 

4.23 

7.88 


1.93 

Dextrose peptone agar, Series P 

2.88 

2.75 

i 3.25 1 

3.41 

Soil-extract agar, Series P 

3.18 

1.94 


3.50 



* N L indicates nitrogen treatment and legume crop. N N-L indicates nitrogen treatment 
but non-legume crop. N-N L indicates no nitrogen but a legume crop. N-N N-L indicates 
no nitrogen and non-legume crop. 


II. Nitrogen-fixing ability of the organisms isolated from I 

A number of organisms, including several actinomyces, were isolated in pure 
culture from the plates in experiment I. The nitrogen-fixing ability of these 
organisms was tested as follows: 

A heavy inoculum was placed in flasks containing a layer of sterile Ashby’s agar and incu- 
bated at 25° to 28°C. for three or four days until growth was well established. Fifty cubic 
centimeters of sterile Ashby’s solution were added aseptically and the cultures incubated at 
25° to 28°C. for 14 days. This method was advocated by Ashby ( 1 ) . At the end of the incu- 
bation period, total nitrogen determinations were made by the Kjeldahl method. One 
organism, designated as 9A, was found to fix nitrogen vigorously, the quantity averaging 10 to 
12 mgm. to 100 cc. of solution, and in some cases as much as 16 mgm. to 100 cc. 

The morphology of the organism, 9A, is typical for Azotobacter. In Ashby’s 
solution or on Ashby’s agar, cultures up to 1 week old show a predominance of 
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diplococcus forms, somewhat granular when stained with erythrosin or rose 
bengal. The cells are slightly smaller than those of three stock strains of 
Azotobacter chroococcum carried in the laboratory. 

When cultivated in Ashby’s solution, 9A forms a slightly wrinkled scum 
which varies in color from yellow to a light brown. On Ashby’s agar slants, 
the organism produces a profuse, slimy growth. At first there is no pigment, 
but at the end of a week the growth becomes yellow, and darkens to a light 
brown in old cultures. The pigment never becomes as dark as that of the 
three stock cultures mentioned. 

Colonies on Ashby’s agar plates are large, frequently measuring 10 mm. in 
diameter. They are raised and slimy with a dense center. The coloration 
is like that of the slant cultures on Ashby’s agar. 

The writers feel that the organism undoubtedly belongs to the genus Azo- 
tobacter. 

None of the other organisms fixed nitrogen in measurable quantity, 
although some were able to grow on nitrogen-free Ashby’s medium. 

Ill . Nitrogen-fixing ability of soil in plots of field A 

The next experiment undertaken was the determination of the nitrogen- 
fixing ability of the soil in the different plots of field A, and the prevalence of 
organisms capable of fixing marked quantities of nitrogen. 

Soil samples were taken from the storage pots and well mixed but not dried, 
the moisture content being maintained as near as possible to that of the soil 
when taken from the field. One-gram portions were put into 50 cc. quantities 
of Ashby’s solution and incubated at 28°C. Controls were set up in the same 
manner and immediately sterilized at 15 pounds for 20 minutes, after which 
they were handled in exactly the same way as the cultures. 

At first, incubation for three weeks was attempted but it was found that 
during the third week putrefaction was so rapid that the cultures were spoiled 
for nitrogen-fixation tests. Two weeks’ incubation was employed satisfac- 
torily for the remainder of the tests. At the end of one week some of the 
scum growing on the surface of the cultures was plated in Ashby’s agar to de- 
termine the possible presence of nitrogen-fixing bacteria, especially of the 
Azotobacter group. 

After two weeks’ incubation, total nitrogen determinations were made on the 
cultures and controls by the Kjeldahl method. 

Table 3 shows the results of these tests. One series of 1926 and one of 1928 
are included as representative of the determinations. During the series of 
1928, pure cultures of 9A were isolated from the plots thus indicated and were 
tested for nitrogen-fixing power, using Ashby’s solution and incubating for 
three weeks at 28°C; Total nitrogen was determined by the Kjeldahl method 
as before. In all cases, it was found that the organism was capable of fixing 
substantial amounts of nitrogen. No other aerobic oiganism was found which 
could fix measurable amounts of nitrogen, although some were isolated which 
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could live on the nitrogen-free Ashby's medium. No isolations of anaerobic 
organisms were attempted. 

TABLE 3 

Nitrogen-fixation by sails of plots in field A 
Milligrams of nitrogen to a gram of soil 
North 



November, 1926 j ^ g 

10 

November, 1928 j ^ ^ \ 3 

November, 1926 j J g + 

9 j 

November, 1928 j "+ " 

November, 1926 j J ’ ", 

8 

November, 1928 { J’J J * 

November, 1926 | 2 9 

November, 1928 { 

November, 1926 j ^'3 17 

6 - 

November, 1928 | ^ 

November, 1926 j ^ 3 19 

5 - 

November, 1928 { J’J 


The plus mark indicates the presence of organism 9A. 


4.9+ 

2.4 

4.7+ 

4.4+ 

5.3 

1.8 

5.1 

4.4 

4.3+ 

2.3 

3.0+ 

3.5+ 

2.7 

1.3 

3.8 

4.0 

4.7+ 

1 . 8 + 

4.7+ 

5.4+ 

4.8 

4.9 

4.9 

6.8 

3.7+ 

2.3 

4.6+ 

4.6+ 

3.0 

1.3 

3.9 

3.7 

1.9 

2.3 

4.2+ 

3.6+ 

2.1 

2.6 

5.4 

4.7 

1.5 

2.1 

2.2 

4.5+ 

2.0 

1.3 

0.0 

2.4 

2.2 

2.1 

4.8+ 

6.3+ 

2.0 

2.9 

4.6 

4.8 

3.3+ 

4.2 + 

4.5+ 

4.1 + 

4.0 

1.9 

i 

3.4 

I 

3.7 

2.0 

2.5 

3.1 

5.8 

2.3 

1.7 

' 2.1 

3.2 

2.2 

1.4 

3.6 

3.1 

1.9 

1.7 

1.4 

4.1 

2.2 

2.1 

4.2 

2.2 

2.3 

1.9 

1.8 

1 

2.9 

2.0 

4.4 

2.1 

4.4+ 

1.3 

1.0 

1.8 

3.9 


Dry ground 
fish 


No nitrogen 


Ammonium 

sulfate 


No nitrogen 


No nitrogen 


Sodium 

nitrate 


Table 3 shows the following results: 

In general, the soil of the east half of the field has a greater nitrogen-fixing ability than that 
of the west half. Two apparent influences might account for this condition: the slope is 
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from west to east which might mean a more favorable moisture condition for Azobacter in the 
east half; and more lime has been added to the east half over a period of 20 years. The 
amounts of lime added to the plots are shown in table 4. A study of the pH of the different 
plots was made in order to investigate the possible relation of the liming to the soil acidity. 
This study is reported later in the manuscript. 

In general, the plots showing the highest nitrogen fixation also yielded cultures of 9A. 
This correlation was expected. The outstanding exception was in plot 6 NLE which had a 
high nitrogen fixation but did not show any 9A. 

The poorest nitrogen fixation was observed in strips 5, 6, and 8 which had received inor- 
ganic nitrogen compounds as fertilizer. Ammonium sulfate might be expected to lower 

TABLE 4 

Total lime applied to field A since 1898 
Pounds an acre 
North 




LIME ADDED 



Legumes 

West 

Non-legumes 

West 

Legumes 

East 

Non-legumes 

East 

10 

10,000 

10,000 | 

18,000 

17,000 

18,000 

17,000 

9 

10,000 

10,000 | 

18,000 

17,000 

18,000 

17,000 

8 

10,000 

10,000 

18,000 

18,000 

7 ! 

8,500 

8,500 

17,000 

17,000 

7 1 

7,000 

7,000 

15,500 

15,500 

6 

10,000 

10,000 

17,000 

17,000 

5 

10,000 

10,000 | 

18,000 

17,000 

18,000 

17,000 


Note: The presence of two quantities in some of the squares indicates that the north and 
south halves of these squares have had different amounts of lime applied at certain periods. 


the pH of the soil, but table 5 shows that the liming of the strips apparently had overcome 
any such influence. Another possible explanation is that suggested by Winogradsky (15): 
that other microorganisiqs present in the soil are stimulated by the presence of readily 
available organic nitrogen, and, because they grow more rapidly than the Azotobacter, 
they are able to exhaust the available supply of food, especially energy material. Strip 10 
has been treated with complex organic fertilizer (dried blood and later dry ground fish) 
which probably is made available more slowly for microorganic consumption. Under these 
conditions, the Azotobacter seems to be able to fulfil its nitrogen-fixing function more 
successfully. 

The presence of legume crops on the plots apparently has not influenced nitrogen fixation 
or the growth of 9A in the soil, since some of the legume plots showed as much fixation as any 
of the plots in the field. 
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IV. The pH of the soils of plots in fidd A 

The soil reaction was tested by the potentiometer method, calomel and gold- 
leaf electrodes being used. Methods for determining hydrogen-ion concentra- 
tion of soils, later compiled by Snyder (13), were used as a basis for the tests. 
Table 5 shows the pH determinations in 1926-27 and 1928-29. It will be 
observed that the figures for 1926-27 are slightly higher than those for 1928-29. 
This is probably because the field was last limed in the spring of 1926 and the 
effects had disappeared slightly in the two years elapsing between the tests. 


table s 

The pH of soil in plots of field A 

The upper figures in each square indicate the determination made in 1926, and the lower 
figures, those in 1928. 


North 



LEGUMES 

WEST 

NON-LEGUMES 

WEST 

LEGUMES 

EAST 

NON-LEGUMES 

EAST 


PB 

PB 

PB 

PB 

m l 

6.5 

6.7 

6.7 

6.7 


5.8 

5.5 

6.1 

6.2 

9 ! 

6.6 

6.5 

6.6 

6.6 

9 1 

5.8 

5.7 

5.7 

5.8 

8 ( 


6.2 

6.5 

6.4 


5.8 

5.8 

5.7 

5.7 


6.5 

6.4 

6.5 

6.5 

7 \ 

6.0 

6.2 

6.2 

6.0 

6 { 

6.2 

6.2 

6.4 

6.3 

6 \ 

5.8 

5.8 

6.0 

6.0 

5 ( 


64 

6.1 

6.1 

5 \ 

5.9 

5.7 

6.0 

5.9 


The lowest pH, 5.5, was obtained in plot 10 NLW, which gave poor nitrogen- 
fixation figures and did not yield any 9A. However, the same results were 
observed in 1926 when the pH was 6.5 in this plot. On the whole, it seems 
that the pH does not explain the results obtained either in regard to nitrogen 
fixation or to the presence of 9A. In practically all cases, the pH was within 
the limit of tolerance for the growth and activity of 9A as determined by ex- 
periment in this study. The determinations were made from soil that had 
been stored in pots. It has been stated (13) that storage has a tendency to 
increase the acidity of soil; therefore the field conditions of the plots are prob- 
ably more favorable than those of pots for Azotobacter growth and activity. 
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SUMMARY 

Results suggest that there is sufficient nitrogen fixation in the soil of field A 
to account for the nitrogen reserve. 

The nitrogen fixation observed in the plots is correlated with the presence of 
an Azotobacter strain designated as 9A. 

Nitrogen fixation and the distribution of organism 9A appear to have re- 
mained reasonably constant over a 3-year period. 

The growth of different crops, including legumes and non-legumes, has not in- 
fluenced nitrogen fixation or the presence of organism 9A in the field. 

Plate counts of the organisms in the soil revealed no significant information. 

The soil reaction in the plots of field A does not appear to be a controlling 
factor in the nitrogen-fixing activity and the distribution of organism 9A; 
this organism tolerates a lower pH than that commonly accepted as a limiting 
factor for Azotobacter growth. 
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The actinomycetes have long been recognized as a constituent of the normal 
soil microflora. Beijerinck (1) was one of the first to call attention to the fact 
that the soil harbors a large number of actinomycetes, to the activities of 
which he ascribed the formation of humus. Soon afterward, Hiltner and 
Stormer (6) pointed out that these organisms often comprise 20 to 30 per cent 
of the total number of colonies appearing on gelatin plates in the making of 
bacterial counts from normal soils. 

The first serious attempt to classify the actinomycetes (apart from the 
pathogenic forms) was not done until 1914, by Krainsky (8), but since then 
several contributions to an analysis of the actinomyces flora of the soil have 
been made by Waksman and Qurtis (11, 16) and by Conn (2, 3, 4), besides 
many works on the general morphology and biology of the actinomycetes 
[for a review of the literature see Lieske (9), Waksman (11), and 0rskov (10)]. 
About 40 new species have been described by the aforementioned writers, 
and a good deal of information concerning the role of these organisms in bio- 
logical soil processes has been gained. A great difficulty has been represented, 
however, by their extreme variability, which is strongly emphasized by all 
modern authors, especially Lieske (9), who in his very complete treatise on the 
morphology and biology of the actinomycetes expresses an entire disbelief 
in the possibility of classifying these organisms as “species.” A somewhat 
similar, although less extreme, view is expressed by Waksman (11), who points 
out the possibility of classifying them as “species-groups,” that is, groups 
composed of a number of strains showing agreement in their most characteristic 
morphological and (especially) biochemical features. The present paper rep- 
resents an attempt to obtain some information about the actinomyces flora 
of Danish soils, with special reference to the possibility of distinguishing 
between species-groups, in the sense of Waksman. 2 

1 Now bacteriologist to the Linnean Society of New South Wales, Sydney. 

* The work was originally planned as a more comprehensive study, but had to be left be- 
cause of the writer’s departure for Australia; this paper, together with one previously pub- 
lished (7), represents a summary of the preliminary results. The author’s thanks are due to 
Dr. Selman A. Waksman, New Jersey Agricultural Experiment Station, for supplying a num- 
ber of authentic cultures for comparison with those isolated from the Danish soils. 
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COUNTINGS OF ACTINOMYCETES IN VARIOUS SOILS 

Counts of bacteria and actinomycetes were carried out on the following agar 
medium: dextrose, 2 gm.; casein dissolved in 10 cc. 0.1 N NaOH, 0.2 gm.; 
K2HPO4, 0.5 gm.; MgS0 4 , 0.2 gm.; FeCls, trace; agar, 15 gm.; distilled water, 
1,000 cc.; pH 6.5 to 6.6. Dilutions of 1:10,000-100,000 were used according 
to the character of the soil. Six parallel plates were usually poured, and in- 
cubated at 25°C. for 7 days. This medium was found eminently suitable for 
counting and isolating the actinomycetes, and because of the thin growth, 
which most actinomycetes produced on it, it is also very convenient when a 
direct microscopical examination of the living colonies is desired; for the 
cultural distinction of the various strains it was found less suitable. The 
results of the countings are found in table 1. 

It will be seen that the absolute numbers of actinomycetes, which vary from 
none to about 13 millions per gram, are not materially different in the different 
kinds of soils of similar reaction; but the reaction has a marked influence on the 
numbers. All the Strongly acid soils, of pH 4.6 and less, have, with one single 
exception (forest soil 31), only very small numbers of actinomycetes. At a 
pH value of about 5 the numbers begin to rise, and the maximal figures occur 
in the region of pH 6.8 to 8.0. This is in perfect agreement with the results of 
Gillespie (5), Waksman and Joffe (17), and Waksman (14), who found that the 
critical degree of acidity for the majority of actinomycetes is pH 4.8 to 5.0, 
and that their optimal reaction is pH 7 to 8. Waksman (13), moreover, found 
the percentage of actinomycetes decreasing in strongly acid soils. This is here 
true only in special cases; all the typical acid peat soils — forest soils 28 and 
30, moor soils 38 to 41, heath soils 49 and 50 — have remarkably low percentages 
of actinomycetes, but otherwise there is no correlation whatever between the 
pH values and the percentages of actinomycetes in the total flora on the plates. 
Even such extremely acid soils as 1, 2, and 27 have the same percentages as 
the neutral and alkaline soils. Furthermore, the percentages are mostly of 
the same order of magnitude as those found by Hiltner and Stormer (6), 
Waksman and Curtis (16), and Conn (2), although some excessive figures occur 
— soils 14, 19, 23, and 54 — which were only found by Waksman and Curtis 
in certain subsoils. 

The soil reaction thus to a marked extent controls the development of acti- 
nomycetes in the soil. This statement seems to be no more applicable to ac- 
tinomycetes than to the bacteria (or at least to those bacteria which develop 
on the agar medium), since the relative numbers of actinomycetes were affected 
only in special cases, viz., in the strongly acid peat soils. It must be left to 
further investigations to decide what is the cause of the relative absence of 
actinomycetes in this soil type. It is possible that the aeration, which is usu- 
ally poor in these soils, might play a r61e; however, the results recorded in 
table 2, where an acid peat soil was kept in a moist, loose, and well-aerated 
condition, do favor this hypothesis. 
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As a further test of the influence of reaction on numbers of actinomycetes, 
the following experiment was carried out: Three more or less acid soils re- 
ceived additions of CaCO« (the strongly acid peat soil, 4 per cent; the two 
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mineral soils, each 1 per cent), and soil portions with and without lime were 
kept at 25°C. for about 3 months, during which the moisture content was kept 
as close to the optimum as possible, and the numbers of actinomycetes were 
determined several times. The results are given in table 2. They agree 
perfectly with the expectation: the strongly acid peat soil with the addition 
of lime shows an enormous increase in actinomycetes: the acid sand soil, poor 
in organic matter, shows a rather small, although definite increase: and 
finally the faintly acid loam shows a hardly significant increase. The relative 
numbers of actinomycetes in the two last soils are distinctly lowered by the 
lime, because of the very marked stimulation of the bacteria. The enormous 
development of actinomycetes in acid peat soil with lime speaks strongly in 

TABLE 2 


Influence of CaCOi on numbers of actinomycetes in acid soils 
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* Millions per gm. of soil. 

t Percentage of numbers of bacteria + actinomycetes on plates. 


favor of the theory of Waksman (15), that several actinomycetes, if suitable 
reaction and good aeration are provided, are capable of decomposing soil 
“humus;” on the other hand we must admit that according to this theory one 
might expect to find especially large numbers of actinomycetes in neutral 
and alkaline humus soils. This is, however, not the case (table 1). 

CULTURAL STUDIES OF ISOLATED ORGANISMS 

About 90 strains of actihomycetes were isolated from the aforementioned 
soils, and attempts were made to separate them into species-groups and to 
identify them with previously described forms. The following characters 
were studied: 
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I. Presence or absence of spirals in aerial mycelium on dextrose-casein-agar. 

II. Cultural characters on the following media : 8 

1 . Czapek's agar . Saccharose, 30 gm. ; NaNOj, 2 gm. ; K 2 HPO 4, 1 gm. ; MgS0 4 , 0.5 

gm.; KC1, 0.5 gm.; FeSOi, trace; agar, 15 gm.; distilled water, 1,000 cc.; 
pH 7. 

2 . Glycerin-agar. Glycerin 10 gm.; asparagin, 1 gm.; K3HPO4, 0.5 gm.; agar, 15 

gm.; pH 7. 

3. Starch-casein-agar. Soluble starch, 10 gm.; casein dissolved in 1 N NaOH, 

1 gm.; KJHPO4, 0.5 gm.; MgS0 4 , 0.5 gm.; agar, 15 gm.; distilled water, 
1,000 cc.; pH 7. This medium was found especially favorable in many 
cases, allowing a very abundant and yet characteristic growth with strong 
formation of a characteristically colored aerial mycelium of nearly all 
strains. 

4. Nutrient agar with addition of 2 per cent glycerin and 0.1 per cent KjHP0 4 . 

This medium gave an excellent growth and in many cases a character- 
istically colored vegetative mycelium and soluble pigments, but often no 
aerial mycelium. 

5. Gelatin. 15 per cent gold label gelatin in distilled water; reaction adjusted to 

pH 7. 

6 . Potato plugs. 

7. Loeffler’s Blood Serum. 


All cultures were made as slope cultures in ordinaiy test tubes and incubated at 25° C. 
Observations were made for a period of about 6 weeks. 


Among the strains of actinomycetes tested in this way the following species- 
groups could be recognized: 


A. No brown pigment in protein-media. 

1. Red or blue pigments in synthetic media; marked reduction of nitrates: 

Actinomyces viol aceus -ruber. 

2. No red or blue pigments. 

a. Typical golden pigment in all synthetic media : 

Actinomyces fulvissimus. 

b. Pigment not typical; abundant aerial mycelium. 

I. Aerial mycelium on synthetic media dark slate-gray; lemon- or sulfur- 
yellow pigments sometimes formed. 
a. Vegetative mycelium on Czapek’s agar light-colored: 

Actinomyces cellulosae. 

0. Vegetative mycelium on Czapek’s agar turning dark: 

Actinomyces olivaceus. 

II. Aerial mycelium greenish or yellowish gray; very rapid liquefaction 
of gelatin and blood-serum. 
a. Aerial mycelium greenish: 


Actinomyces griseus. 

0. Aerial mycelium yellowish : 

Actinomyces griseofiavus. 

B. Typical brown pigment in protein-media (“chromogenus” species). 

1. Deep brown growth and pigment in all synthetic media: 

Actinomyces pheochromogenus. 


* A much larger variety of media were tested, but finally those here mentioned were se- 
lected as giving the most satisfactory results. 
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2. Pigment in synthetic media of other color or absent. 

a. Aerial mycelium absent or in traces; typical red vegetative mycelium: 

Actinomyces bobili, 

b. Aerial mycelium more or less abundant. 

I. Typical red pigment in Czapek’s agar: 

Actinomyces erythrockromogenus. 

II. Pigment not red. 

a. Aerial mycelium rose to cinnamon-brown: 

Actinomyces roseus . 

0. Aerial mycelium abundant, characteristic lead-grey; light 
brown pigment in synthetic media: 

Actinomyces diastatochromo genus. 

A brief description of these groups is given in the following: 

Actinomyces griseus Krainsky, emend. Waksman and Curtis. Six strains + one authentic 
examined. Spiral formation : none. Growth on Czopek's agar: Fair; vegetative mycelium 
scant, thin, first colorless, later yellowish gray; aerial mycelium abundant, thick, dusty layer 
of a characteristic greenish gray color, sometimes with a yellowish tinge; a faint yellowish 
gray soluble pigment is sometimes formed. Glycerin-agar : Scant growth; vegetative myce- 
lium thin, colorless; aerial mycelium thin, first white, later yellowish green. Starch-casein- 
agar: Abundant and characteristic growth; vegetative mycelium spreading, cream-colored 
to greenish gray; aerial mycelium formed early and abundantly, thick dusty layer of a strong 
greenish gray color; olive-green soluble pigment sometimes formed. Nutrient agar: Abun- 
dant growth; vegetative mycelium cream-colored; aerial mycelium formed after 15 to 20 days, 
first white, later greenish gray to yellowish green; faint yellowish brown, soluble pigment in 
old cultures. Potato: Strong and characteristic growth; vegetative mycelium abundant, 
folded, first cream-colored, later yellowish or grayish green; aerial mycelium abundant, 
dusty, grayish green; plug colored gray. Gelatin: vegetative mycelium cream-colored, later 
greenish gray; aerial mycelium scant, white, later yellowish gray; slant of gelatin completely 
liquefied in 4 to 6 days; smell of ammonia; no pigment. LoeffiePs blood serum: uncharacter- 
istic growth; no aerial mycelium or pigment; serum almost completely liquefied in 15 days. 
Most cultures possess a veiy strong “soil” odor, some strains a remarkably pungent smell of 
musty straw. Occurrence: common; although not in large numbers. 

Actinomyces griseofavus Krainsky. Two strains examined. Spiral formation: none. 
Czapek's agar: good growth; vegetative mycelium flat, spreading, first colorless, later yel- 
lowish gray ; aerial mycelium abundant, thick, dusty, first white, later characteristic yellowish 
gray, often forming a mosaic of white and yellowish gray patches; no pigment. Glycerin- 
agar: fair growth; vegetative mycelium flat, first colorless, later pale yellow to yellowish 
gray; aerial mycelium smooth, first white, later grayish yejlow, with net or ring formation; 
no pigment. Starch-casein-agar: very good growth; vegetative mycelium flat, spreading, 
first colorless, later cream-colored; aerial mycelium abundant, thick, white to grayish yellow 
with distinct net formation; no pigment. Nutrient agar: abundant, but uncharacteristic 
growth; vegetative mycelium raised, folded, cream-colored to light yellowish brown; aerial 
mycelium in patches, white to yellowish gray; pigment absent or faint yellowish brown. 
Potato: enormously strong growth, plug after 8 to 10 days completely covered by tufts of 
mycelium 4 to 6 mm. high; vegetative mycelium raised, folded, cream-colored; aerial my- 
celium abundant, dusty, white to yellowish gray, sometimes with a pink tinge. Gelatin: 
vegetative mycelium smooth, white to cream-colored; aerial mycelium well developed, white to 
light yellowish gray; gelatin completely liquefied in 6 to 7 days; no pigment. Loeijler’s blood 
serum .* uncharacteristic growth ; serum largely liquefied in 1 5 days. Occurrence: not common. 
This group resembles the preceding one very much, but can be distinguished from it by the 
characteristic grayish yellow of its aerial mycelium which never assumes the distinct green 
shade of the griseus group. 



ACTINOMYCETES IN DANISH SOILS 


65 


Actinomyces ccllulosae Krainsky. Five strains examined. Spiral formation: none. 
Czapck’s agar : fair and characteristic growth; vegetative mycelium thin, spreading deep into 
medium, of a characteristic transparent appearance, first colorless, in old cultures sometimes 
lemon-yellow; aerial mycelium abundant, thick, crusty, often with zone-formation, first light 
gray, later deep slate gray; pigment mostly absent, sometimes bright lemon-yellow. Gly- 
cerin-agar: fair, but less characteristic growth; vegetative mycelium narrow, first white, later 
light gray to yellowish gray or almost black; aerial mycelium abundant, first white, later dark 
slate-grey or grayish brown; pigment absent or faint lemon-yellow to yellowish brown. 
Starch-casein-agar: good growth; vegetative mycelium smooth, first colorless or cream- 
colored, later yellowish brown; aerial mycelium variable, often abundant, slate gray; pigment 
absent or light yellowish brown. Nutrient agar : abundant and characteristic growth; 
vegetative mycelium spreading, much folded, first cream-colored, later sulfur-yellow; aerial 
mycelium formed late, but becomes abundant, first thin and white, later of the characteristic 
slate-gray color; no pigment. Potato: abundant and characteristic growth; vegetative 
mycelium raised, folded, cream-colored, later often sulfur-yellow; aerial mycelium abundant, 
first white, later dark slate-gray, often with yellow edges. Gelatin : vegetative mycelium 
thin, yellowish gray to grayish black; aerial mycelium in patches, grayish white to gray- 
brown; gelatin completely liquefied in 5 to 8 days; no pigment. Loefflcr’s blood serum: 
vegetative mycelium cream-colored; aerial mycelium white to light gray; no pigment; serum 
completely liquefied in 20 days. Occurrence: very common. 

Actinomyces olivaceus Waksman. Seven strains + one authentic examined. Spiral 
formation: mostly none, sometimes a few imperfect, open spirals. Czapek's agar: fair growth ; 
vegetative mycelium thin, spreading into medium, first colorless, later yellowish gray, dark 
gray, or almost black; aerial mycelium abundant, smooth, dusty, often forming a mosaic of 
white and yellowish gray patches; pigment absent or light lemon-yellow. Glycerin agar: 
fair growth; vegetative mycelium narrow, growing into medium, first light gray, later black, 
often with yellow tinge, aerial mycelium abundant, smooth, first white, later dark gray; 
pigment absent or light yellow. Starch-casein-agar: good growth; vegetative mycelium 
flat, smooth, dark gray; aerial mycelium abundant, smooth, slate-gray, often with mosaic- 
formation ; pigment absent or faint yellow. N utrient agar: good growth ; vegetative mycelium 
raised, spreading, cream-colored; aerial mycelium thin, in patches, white to yellowish gray; 
faint yellowish pigment. Potato: abundant growth; vegetative mycelium raised, folded, 
cream-colored; aerial mycelium abundant, dusty, grayish white to slate-gray or dark yellow- 
ish gray with yellow edges (much like Act. ccllulosae). Gelatin: vegetative mycelium thin, 
cream-colored to yellowish gray; aerial mycelium thin, gray and white patches; gelatin com- 
pletely liquefied in 6 to 8 days; no pigment. Occurrence: very common. Closely related 
to the previous group, from which those strains which do not produce an intensely colored 
growth on Czapek’s agar are difficult to distinguish; most characteristic is perhaps the mosaic 
formation in the aerial mycelium. 

Actinomyces violaceus-ruber Waksman and Curtis. Three strains one authentic ex- 
amined. Spiral formation: numerous spirals. Czapek’s agar: good growth; vegetative 
mycelium thin, spreading, first colorless, then red- violet, in old cultures deep blue- violet; 
aerial mycelium abundant, smooth, light gray; pigment first light pink-violet, later sky-blue. 
Glycerin-agar: good growth; vegetative mycelium thin, first white, with red and violet spots, 
later deep violet-blue. Starch-casein-agar: abundant growth; vegetative mycelium flat, 
spreading, first pink, later turning deep blue; aerial mycelium in patches, white to grayish 
blue; pigment dark blue. Nutrient agar: abundant growth; vegetative mycelium raised, 
folded, first cream-colored, later turning deep blue-green; aerial mycelium thin, smooth, 
white to ash-gray; olive-green pigment in old cultures. Potato : good growth; vegetative 
mycelium spreading, folded, blue; aerial mycelium in patches, gray, turning dark violet; 
dark blue pigment. Gelatin: vegetative mycelium cream-colored with red spots; aerial my- 
celium scant, white patches; slow liquefaction (complete after 25 days); faint red-brown pig- 
ment in old cultures. Loeffler's blood serum: vegetative mycelium flat, spreading, violet-blue; 
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no aerial mycelium; no pigment; trace of liquefaction after 25 days. Occurrence: fairly 
common. 

Actinomyces fulvissimus n. sp. Six strains examined. Microscopical appearance: vege- 
tative mycelium without any special characteristics; aerial mycelium of short, straight, often 
trifurcated hyphae, 1.0 to 1.2 u broad; no spiral formation; branches of hyphae break up into 
oidia, 1.0 to 1.2 X 1.2 to 1.5 u. Czapek's agar: good growth (one strain very scant), vegeta- 
tive mycelium flat, narrow, first light golden, later deep orange to red-brown ; aerial mycelium 
scant, sometimes almost absent, first white, later light grayish brown; pigment very char- 
acteristic, bright golden to orange. Glycerin-agar: good growth; vegetative mycelium nar- 
row, raised, smooth, golden to dark bronze; aerial mycelium scant, in patches, white to light 
cinnamon-brown; pigment intensely golden to orange. Starch-casein-agar: good growth; 
vegetative mycelium spreading, folded, yellowish brown; aerial mycelium abundant, smooth, 
lead-gray; pigment dull yellow to orange. Nutrient agar: good growth; vegetative mycelium 
raised, finely wrinkled, deep red-brown; no aerial mycelium; brownish yellow pigment. 
Potato: good growth; vegetative mycelium raised, much wrinkled, rust-brown; aerial myce- 
lium absent or traces of white; pigment gray to faint lemon-yellow. Gelatin: vegetative 
mycelium narrow, smooth, yellowish brown to red-brown; no aerial mycelium; no pigment; 
gelatin completely liquefied in 10 to 12 days. Locffler’s blood serum: vegetative mycelium red- 
brown; no aerial mycelium; yellowish pigment; no liquefaction. The characteristic golden 
pigment is formed in nearly all media in which the organism grows, but becomes most typical 
and attains its greatest brightness in synthetic agar media; it has indicator properties, turning 
red in strongly acid solutions. Occurrence: extremely common in Danish soils; easily recog- 
nized on agar plates by its bronze-colored colonies, surrounded by haloes of bright yellow 
pigment. 

Actinomyces roseus Krainsky, emend. Waksman and Curtis. Six strains 4- one authentic 
examined. Spiral formation: present, sometimes abundant. Czapek's agar: scant to strong 
growth; vegetative mycelium thin, white, sometimes (e.g. authentic culture from Waksman) 
with age becoming greenish black with metallic lustre; aerial mycelium thin, sometimes in 
patches, light rose; no pigment. Glycerin-agar: fair growth; vegetative mycelium flat, 
spreading into medium, white to pale pink, in one strain grayish green; aerial mycelium 
smooth, rose to cinnamon-brown; no pigment. Starch-casein-agar: good growth; vegetative 
mycelium spreading into medium, yellowish brown to greenish gray; aerial mycelium abun- 
dant, thick, smooth layer of a characteristic rose color; no pigment. Nutrient agar: abundant 
growth; vegetative mycelium superficially spreading, cream-colored to red-brown, in two 
strains of a characteristic green color; aerial mycelium scant, white, formed late; brown 
pigment. Potato: good to abundant growth; vegetative mycelium spreading, flat or folded, 
yellowish gray to greenish black in two strains; aerial mycelium scant to abundant, first 
white, later rose-colored; brownish gray pigment. Gelatin: vegetative mycelium narrow, 
folded, yellowish brown to gray-green; aerial mycelium scant, white to light rose; brown pig- 
ment; slow liquefaction. Occurrence: fairly common, though not in large numbers. 

Actinomyces bobili Waksman and Curtis. Six strains -f one authentic examined. Spiral 
formation: none. Czapek's agar: good growth; vegetative mycelium raised, spreading, some- 
what folded, pale rose to coral-red; with colorless edges; no aerial mycelium; no pigment. 
Glycerin agar: good growth, in appearance like the previous, blood-red; no aerial mycelium 
or only traces of white; mostly no pigment, sometimes pale rose. Starch-casein-agar: good, 
but less characteristic growth; vegetative mycelium superficially spreading, grayish rose, 
sometimes with small tufts of grayish white aerial mycelium; grayish orange pigment. Nu- 
trient agar: abundant and characteristic growth; vegetative mycelium superficially spreading, 
coarsely folded (lichenoid), characteristically coral-red; no aerial mycelium; deep brown 
pigment; when glycerin is omitted from the medium, a comparatively scant and quite un- 
characteristic yellowish brown growth is obtained . Potato: fair growth ; vegetative mycelium 
raised, wrinkled, grayish brown to coral-red; aerial mycelium absent or traces of white; pig- 
ment grayish to black. Gelatin: Vegetative mycelium orange, sometimes with patches of 
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white aerial mycelium; brown pigment; fairly rapid liquefaction, almost complete after 15 
days. Occurrence: common soil organism: easily recognized on plates of casein-agar by its 
colonies which resemble drops of sealing wax. 

Actinomyces diastatochromogenus Krainsky. Six strains examined. Spiral formation : 
abundant. Czapek's agar: good growth; vegetative mycelium superficially spreading, first 
colorless, later cream-colored to yellowish brown; aerial mycelium abundant, formed late, first 
white, later ash-gray; yellowish to light brown pigment. Glycerin agar: fair growth; vegeta- 
tive mycelium spreading into medium, colorless to cream-colored; aerial mycelium less 
abundant than on previous medium, white to light gray; no pigment. S larch-casein-agar: 
abundant and characteristic growth; vegetative mycelium superficially spreading, yellowish 
gray; aerial mycelium abundant, smooth, first white, later deep lead-gray, with characteristic 
net formation ; grayish yellow to yellowish brown pigment. Nutrient agar: abundant growth ; 
vegetative mycelium spreading, yellowish to grayish brown; aerial mycelium absent or scant, 
white; light coffee-brown pigment. Potato: fair growth; vegetative mycelium spreading, 
finely wrinkled, first yellowish gray, later grayish black, with or without traces of white aerial 
mycelium; black pigment. Gelatin: vegetative mycelium cream-colored to yellowish brown; 
aerial mycelium scant, white; brown pigment; gelatin fairly rapidly liquefied. Loeffler's 
blood serum: scant and uncharacteristic growth; dark yellowish brown pigment; no lique- 
faction. Occurrence: very common. 

Actinomyces erythrockromo genus Krainsky. Two strains examined. Spiral formation: 
abundant. Czapek's agar: fair growth; vegetative mycelium thin, first cream-colored, later 
turning dark violet to purple; aerial mycelium smooth, light gray; red-violet pigment. Glyc- 
erin-agar: fair growth; vegetative mycelium narrow, growing into medium, first light red- 
violet, later turning dark red; aerial mycelium thin, light gray to red-gray; yellowish red pig- 
ment. Starch-casein-agar: good growth; vegetative mycelium flat, spreading, dark violet; 
aerial mycelium smooth, light gray; purplish gray pigment. Nutrient agar: good growth; 
vegetative mycelium raised, wrinkled, yellowish gray to light brown; aerial mycelium smooth, 
light gray; deep brown pigment. Potato: good growth ; vegetative mycelium raised, wrinkled, 
first yellowish gray, later almost black; deep black pigment. Gelatin: vegetative mycelium 
finely wrinkled, yellowish to light purple, with thin patches of aerial mycelium; brown pig- 
ment; very slow liquefaction. Occurrence: not common. 

Actinomyces pheochromo genus Conn. One strain examined. Spiral jormation: present. 
Czapek's agar: good growth; vegetative mycelium growing deep into medium, first red- 
brown, later nearly black; aerial mycelium well developed, smooth, first pure white, later 
with brownish tinge ; dark brown pigment. Glycerin agar: good growth ; vegetative mycelium 
raised, folded, brownish black; no aerial mycelium; brown pigment. Starch-casein-agar: 
like on previous medium, but with thin white aerial mycelium. Nutrient agar: good growth; 
vegetative mycelium raised, smooth, red-brown, later turning almost black; no aerial my- 
celium; brown pigment. Potato: fair growth; vegetative mycelium raised, wrinkled, black; 
no aerial mycelium; black pigment. Loeffler's blood serum: scant growth; vegetative my- 
celium brownish gray; no aerial mycelium; brown pigment; no liquefaction. Occurrence: 
not common. 

Besides these, some strains were found, which probably belonged to or were 
closely related to the following groups: Act. aureus Waksman and Curtis, 
Act. Halstedii Waksman and Curtis, Act. olivochromogenus Waksman, and 
Act. viridockromogenus Krainsky. The rest of the cultures — the majority — 
could not be identified, although several of them could be classified in more 
or less defined species-groups. The time available for the experiments did not, 
however, allow a thorough study of these groups, of which only one, viz., the 
Act . fulvissitnus already described, was considered sufficiently well defined to 
be described and named as a new species-group. 
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PHYSIOLOGICAL STUDIES OF ISOLATED ORGANISMS 

Attempts were made to distinguish, by means of the following physiological 
tests, between the various species-groups recognized through cultural tests, 
in order to see how far such physiological tests would be of value for the char- 
acterization of the non-identified groups: utilization of carbohydrates; acid 
formation from carbohydrates; reduction of nitrate; diastatic activity; pro- 
teolytic activity; resistance to hydrogen-ion concentration. 

The utilizaton of carbohydrates was studied by growing the organisms for 
10 days 4 at 25°C. on the following solution: carbohydrate, 10 gm. (cellulose 
supplied as a strip of pure Swedish filter paper); NaNOs, 2 gm.; K2HPO4, 
1 gm.; MgS0 4 , 0.5 gm.; distilled water, 1,000 cc. At the end of the experi- 
ment, tests were made for N0 2 formation by means of Gries’ reagent, acid 
formation by addition of bromo-thymol-blue (in some cases also by electro- 
metric determination of the reaction), invertase production in saccharose 
solution by Fehling’s reagent, and diastatic activity in starch solution by 
means of iodine solution. 

The utilization of various carbon compounds is shown in table 3. It is seen 
at once that this gives hardly any differentiation among the groups. Dex- 
trose, galactose, maltose, and starch are the best sources of carbon for nearly 
all groups, and the only indication of an intergroup distinction is, that the 
olivaceus group hardly utilizes maltose at all and grows poorly on dextrose, and 
that the violaceus-ruber and diastatochromogenus groups are the only ones 
which grow well on lactose and rhamnose. The value of these features, how- 
ever, seems nullified by the circumstance that the intragroup variation in 
several cases is equally large, ranging from 0 to 5 in the griseus group on arabi- 
nose, 2 to 4 in the olivaceus group on glycerin and galactose and the violaceus- 
ruber group on dextrose. The table further shows that several strains, espe- 
cially of the violaceus-ruber group, are able to utilize cellulose, although none 
of the strains here dealt with produced any very considerable growth, even 
after long incubation. A few non-identified strains, isolated from soil with 
addition of cellulose, made a good growth and caused a marked disintegration 
of the filter paper within a few weeks. 

The results of the tests for nitrites and acids are given in table 4. The 
violaceus-ruber group shows decidedly the strongest nitrite-formation [as has 
also been recorded by Waksman (11)]; and in the griseus , griseoflavus, cellu - 
losae , and olivaceus groups this property is almost lacking; and, finally, in the 
rest of the strains it is quite variable and does not characterize any particular 
group. 

The tests for acid formation gave an interesting result. In most papers on 
actinomycetes (for example, Waksman (12, 17) it is stated that these organ- 
isms do not form organic acids from carbohydrates; this was also the case here 

4 Except the cellulose-cultures, which were incubated for 4 months. 
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TABLE 3 

Utilization of various carbon-compounds by actinomycetes* 


SPECEES-GBOUP 

STRAIN 

S 

s 

a 

ARABINOSE 

XYLOSE 

« 

DEXTROSE 

LEVULOSB 

1 

u i 

1 

t 

w 

I 

a 

! 

! 

§ 

z 

E 

3 

§ 

8 

i 

CELLULOSE I 


A. L. VIII. 

2 

1 

4 

5 

2 

0 

3 

2 

3 

1 

3 

0 

0 

1 

4 

0 


H. VI. 

3 

0 

3 

0 

2 

1 

3 

1 

3 

1 

4 

1 

1 

2 

5 

0 

Actinomyces griseus \ 

M. III. 

- 

1 

3 

0 

0 

1 

3 

1 

3 

2 

2 

0 

1 

2 

4 

0 


V. III. 

3 

1 

2 

0 

2 

1 

3 

2 

3 

1| 

3 

0 

0 

2 

5 

0 


W. aut. 

2 

— 

5 

2 

— 

1 

4 

— 

5 

5 

4 

1 

1 

2 

5 

— 

Actinomyces griseo- f 

A. XVIII. 

5 

1 

5 

2 

2 

1 

5 

4 

5 

2 

4 

2 ! 

0 

i 

5 

0 

flavus \ 

He J. IV. 

4 

1 

2 

2 

2 

1 

5 

4 

5 

2 

5 

2 

0 

2 

5 

1 


Sp. I. 

2 

1 

1 

1 

2 

1 

4 

4 

4 

1 

4 

0 

0 

1 

5 

1 

Actinomyces cellu- 

A. V. 

5 

1 

2 

3 

2 

2 

3 

2 

4 

2 

5 

0 

1 

1 

5 

! 2 

losae 

A. X. 

4 

1 

2 

- 

2 

0 

4 

3 

3 

1| 

4 

0 

1 

1 

4 

2 


A. L. III. 

3 

1 

1 

1 

2 

0 

3 

3 

4 

i! 

3 

0 

0 

2 

5 

1 


Sp. III. 

3 

0 

1 

0 

1 

1 


1 

3 

0 

1 

0 

0 

__ 

4 

1 

Actinomyces oli- 

B. XV. 

4 

0 

1 

4 

2 

1 

2 

i 

2 

i 

0 

0 

0 

1 

2 

2 

L. 

4 

1 

2 

3 

0 

0 

2 

0 

3 

i 

1 

0 

1 

2 

4 

3 

vac ciis 

L. M. II. 

2 

0 

— 

0 

2 

0 

— 


4 

i 

0 

0 

0 

2 

5 

1 


W. aut. 

o 

0 

2 

1 

2 

0 

1 

— 

4 

i| 

0 

0 

0 

- 

5 

— 


L. II. 

3 

1 

3 

3 

2 

2 

4 

1 

3 

i 

4 

4 

2 

1 

5 

3 

Actinomyces 

L. III. 

2 

— 

3 

3 

j 3 

3 

2 

1 

3 

i 

4 

3 

2 

2 

4 

3 

violaceus-rubcr 

v. g. iii. 

2 

1 

2 

2 

2 

3 

3 

0 

4 

2 

4 

2 

3 

2 

4 

1 

* 

W. aut. 

: 1 

— 

2 

2 

— 

— 

2 


1 

1 

— 

3 

1 

— 

2 

— 

A cti nomyces f ulvis- I 

H. I. 

T. XIV. 

3 

2 \ 

1 

1 

1 

1 

3 

3 j 

4 

2 

■ 

0 

3 

4 

4 

3 

2 

3 

4 

2 

3 

4 

3 

0 

0 

4 

3 

2 

3 

3 

5 

0 

0 

simus | 

H. X. 

3 

1 

1 

2 

2 

0 

4 

2 

1 

2 


3 

2 

2 

4 

0 


B. V. 

5 

0 

1 

0 

0 

0 

3 

1 

2 

3| 

3 

2 

3 

2 

5 

0 

Actinomyces roseus < 

R. IV. 

5 

1 

0 

1 

0 

0 

4 

1 

3 

2 

4 

3 

1 

1 

3 

0 

U. II. 


0 




0 




4 



3 



1 


W. aut. 

1 

0 

0 

3 

1 

0 

3 

- 

1 

1 

- 1 


0 

— 

4 

— 

Actinomyces bobili j 

U. G. 

W. aut. 

2 

1 

0 

3 

1 

1 

0 

2 

2 

2 

1 

2 

3 

2 

3 

3 1 

3 

2 

2 

3 

2 

3 

3 

4 

3 

2 

3 

2 

2 

A cti nomyces dia- f 

B. IV. 

4 

0 

5 

3 

2 

4 

3 

1 

4 



4; 

4 

0 

5 

4 

2 

statochromogcnus \ 

A. XVI. 

4 

1 

4 

1 

1 

3 

2 

0 

- 

4 

31 

3 

2 

5 

4 

— 

Actinomyces 

H. b. 

2 

0 

1 

0 

2 

1 

1 

0 

1 

1 

1 

1 

3 

1 

1 

0 

pkeochromogcnus 








i 











* The amount of growth is here and in the subsequent tables indicated by the following 
characters: 0 = no growth. 1 = trace of growth. 2 * scant. 3 = fair. 4 = good. 5 = 
excellent. 
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with most of the cultures, but many of the strains (several of the non-identified 
besides those here mentioned) show an undoubted formation of acids from 
various carbohydrates; this acid formation varies both with the type of the 
organism and the nature of the carbon compound: no strain of the griseus , 
griseoflavus , cellulosae , or olivaceus groups showed any acid formation, and 
in no case was acid formation observed in solutions of erythrit, inulin, and 
starch. The formation of acid was constantly accompanied by a more or 
less vigorus nitrite formation, whereas the reverse did not hold. It is note- 
worthy that in no case was any turbidity of the cultures, which might suggest 
bacterial infection, observed. 

The results of tests for diastase and invertase production are given in table 5 
and show that the griseus , griseoflavus , cellulosae and olivaceus groups together 
with the fulvissimus group are the most powerful starch decomposers, although 


TABLE 5 

Diastase and invertase production in starch and saccharose solution 


! 

ORGANISMS 

STARCH REACTION 

REDUCTION OF 
FE HUNG’S 
SOLUTION 

Act. griseus , 5 strains 

None 

None 

Act. griseoflavus, 2 strains- 

None 

None 

Act. cellulosae , 5 strains 

None 

None 

Act. fidvissimus, 3 strains 

None 

Faint 

Act. olivaceus , 5 strains 

None 

None 

Act. violaceus-ruber , 3 strains 

Trace or faint 

None 

Act. diastatochromogenus , 3 strains 

None or trace 

Strong 

Strong 

Act. bobili , 2 strains 

Good 

Act. Halstedii (?), 2 strains 

None or trace 

Act. aureus, 2 strains 

Strong 

Strong 

Trace 

None 

Act. pheochromogenus 

None 

Act. mthrockromotenus 



the diastatochromogenus , Halstedii (?), and erythrochromogenus groups follow 
them closely, and the rest of the “chromogenus” actinomycetes ( bobili , aureus 
(?), and pheochromogenus) seem less active. The test with Fehling’s solution 
shows that only two groups, Act. bobili and diastatochromogenus , produce 
appreciable amounts of reducing sugars in the medium; the first species was 
also found by Waksman (11,12) to produce invertase. 

As a test for proteolytic actvities , organisms were grown on the following 
solution: gelatin, 20 gm.; K 2 HP0 4 , 2 gm.; MgS0 4 , 0.5 gm.; NaCl, 0.5 gm.; 
distilled water, 1,000 cc.; pH 7. The solution was used in portions of 25 cc. in 
50-cc, Erlenmeyer flasks and incubated at 25°C. Four parallel flasks were used, 
of which two were analyzed after 10 days and two after 30 days. Ammonia-N 
was determined by distillation with MgO, formol-titrating N by the method 
of Sorensen. 

Table 6 gives the results, together with records of the liquefaction of gelatin 




TABLE 6 

Proteolytic activity of actinomycetes in 2 per cent gelatin solution 




10 DAYS FE* 25 CC. 

SOLUTION 

30 DAYS PE* 25 CC. 

SOLUTION 

LIQUEFACTION OF 

SPXCOS-OSOUP 

STftAtH 







NIL-N 

Formol- 
titr. N 

NH 4 -N 

Formol- 
titr. N 

Gelatin 

Blood 

serum 



mgm. 

mgm. 

mgm . 

mgm. 




A. L. VIII. 

3.7 

18.8 

14.7 

34.4 



Actinomyces 

H. VI. 

6.8 

14.2 

17.5 

32.2 

) Very 
[ rapid 


griseus 

M. III. 

4.0 

15.3 

17.7 

31.9 

+ 


V. III. 

9.0 

17.7 

16.1 

27.0 


Actinomyces 1 

Hed. IV. 

6.8 

17.9 

22.8 

38.5 

\ Very 


griseoflavus \ 

A. XVIII. 

7.4 

16.2 

21.4 

34.7 

/ rapid 

• 


Sp. I. 

3.7 

16.1 

14.7 

27.3 

' 


Actinomyces 

A. V. 

6.6 

15.5 

14.6 

24.9 

Rapid 


cellulosae 

A. X. 

3.9 

16.8 

13.7 

27.0 

i 


A. L. III. 

3.4 

15.1 

15.3 

29.8 



i 

B. XV. 

1.6 

11.3 

6.0 

28.4 



Actinomyces J 

L. II. 

3.0 

12.1 

12.3 

19.1 

Rapid 

4_ 

olivaceus ] 

L. M. II. 

2.5 

15.1 

5.6 

28.9 

i 

1 

W. aut. 

2.7 

14.2 

5.8 

25 3 



Actinomyces j 

fulvissimns ] 

H. I. 

4.1 

15.8 

9.7 

34.8 

1 Fairly 

1 rapid 


T. XIV. 

H. X. 

0.9 

2.3 

7.8 

13.5 

4.2 

7.7 

24.2 

33.3 


Actinomyces I 

violaceus-ruber J 

H. L. II 

2.6 

11.8 

10.0 

31.4 

) 


H. L. IV. 

2.8 

17.2 

9.0 

46.9 

> Rapid 

-r 

V. G. III. 

2.3 

14.7 

8.4 

46.2 

J 


Actinomyces roseus j 

B. V. 

2.3 

11.4 

11.6 

21.4 

| Slow 


R. IV. 

2.0 

11.4 

8.8 

! 18.9 


Actinomyces bobilt j 

V. G. 

W. aut. 

1.4 

3.2 

9.0 

13.3 

3.3 

9.0 

19.1 

34.7 

| Slow 

-*• 

Actinomyces viri- j 

S. VI (?). 

2.3 

9.7 

6.7 

15.8 

| Slow 


dochromogenus \ 

W. aut. 

2.8 

12.5 

14.4 

23.8 


Actinomyces ery- 

T. IV.. 

3.5 

13.0 

7.7 

20.5 

Slow 


throchromogenus 








Actinomyces pheo- 

H. b. 

2.0 

9.3 

4.4 

22.3 

Slow 


chromogenus 








Actinomyces dia - f 

B. IV. 

3.1 

11.9 

11.2 

23.5 

| Slow 


statockr onto genus \ 

A. XVI. 

3.0 

10.4 

10.9 

19.4 

■f 

Actinomyces aureus 

L. S. 

2.1 

8.8 

5.8 

22.6 

Slow 

+ 

(?) 








Sterile solution 

- 

- 

- 

0.0 

6.8 

- 

- 
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and blood serum. Although there is considerable variation among the strains 
within each single group, Act. griseus, griseoflavus, and celhdosae are seen to 
form a separate group of strains which split large amounts of protein, and a 
remarkably large proportion of this is present as ammonia-N ; especially is this 
true of Act . griseus , which Waksman (11, 12) also found to be a very strongly 
proteolytic organism, and the closely related Act. griseoflavus. The next three 
groups of non-chromogenus actinomycetes, viz., Act. olivaceus , violaceus-ruber, 
and fulvissimus split about as much protein — two strains of violaceus-ruber 
most of all — but a distinctly smaller part of this is present as ammonia. Fi- 
nally, the whole group of chromogenus actinomycetes (with one exception, 
the authentic strain oi Act. bobili) shows a weaker proteolytic power and in most 
cases produces only small amounts of ammonia. The table further shows a 
fair parallelism between proteolytic power and rapidity of gelatin liquefaction, 
and, in agreement with the observations of Waksman (12), it shows that only 
the highly proteolytic strains are capable of liquefying blood serum. 

RESISTANCE OF ACTINOMYCETES TO ACIDITY 

All authors seem to agree that the actinomycetes as a whole are very sensi- 
tive toward acid reaction. Gillespie (5) showed that the hydrogen-ion con- 
centration which checks the growth of Act. scabies in nutrient solution, is pH 
4.8 to 5.2, and in accordance herewith Waksman and Joffe (17) found that 
Act. violaceus ruber , scabies , griseus, and reticulus ruber would produce a scant 
growth in solutions of pH 5, but not at pH 4.8; they further observed that 
when grown in a nutrient solution with dextrose as a source of carbon and 
ammonium sulfate as a source of nitrogen, nine species of actinomycetes would 
change the reaction from pH 5.8 to pH 4.4 to 4.6, one species (Act. viridochro - 
mogenus) even to pH 4.2. Waksman (14) further found that the limiting re- 
action of pH 4.8 to 5 also holds for Act. scabies when grown in sterile soil; 
some non-parasitic forms (griseus, violaceus ruber) seemed able to resist a slightly 
higher acidity. 

An attempt was made here to differentiate between the groups of actino- 
mycetes by determining the maximum hydrogen-ion concentration which 
they would tolerate, expressed as the degree of acidity arising in a physi- 
ologically acid medium. The following solution was used: dextrose, 20 gm.; 
NH 4 C1, 2 gm.; K2HPO4, 0.2 gm.; MgS 04 , 0.5 gm.; NaCl, 0.5 gm.; distilled 
water, 1,000 cc.; pH 6.5. Ten cubic centimeter portions in test tubes were 
used, and duplicate cultures were incubated for 15 days at 25°C., after which 
time the reaction was measured by means of the quinhydrone electrode. 

The results, given in table 7, show some interesting features. The strains 
within each group seem to show far less variation in this than in any other 
respect here studied (the only serious discrepancy is shown by strain LII 
of the olivaceus- group), but the differences between the groups are far more 
considerable than those found by Waksman and Joffe (19). The groups of 
Act. griseus , griseoflavus , cellulosae, and olivaceus change the reaction only to 
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TABLE 7 

Changes of reaction in cultures of actinomycetes on dextrose-NHiCl solution 
Initial reaction pH 6.5 


sfecOes-group 

STRAIN 

FINAL 

pH 

SPECIES-GROUP 

STRAIN 

FINAL 

pH 


AL. VIII. 

4. 9-5.0 


HL. II. 

4. 6-4. 6 

Actinomyces griseus < 

H. VI. 

V. III. 

4.9-49 
5. 1-5.2 

Actinomyces viola - 
ceus-ruber 

HL. III. 
VB. III. 

4. 6*4. 8 
4. 6-4. 6 


W. aut. 

4. 9-4. 9 


W. aut. 

4. 4-4.5 

Actinomyces griseo- f 
flavus \ 

Hed. IV. 

A. XVIII. 

4. 9-4. 9 
4. 9-4.9 

Actinomyces roseus j 

B. V. 

V. II. 

3. 7-3. 8 
3. 6-3. 7 

Actinomyces cellu- 
losae 

Sp. I. 

A. V. 

4. 8- 4.9 

4. 9- 4. 9 

Actinomyces bobili ^ 

V. XII. 

V. XIII. 

3. 8-3. 9 
3. 7-3. 8 

AL. III. 

4. 8-4. 9 

l 

W. aut. 

3. 9-3. 9 


Sp. III. 

5.0-5. 1 

Actionomyces Hal - f 

B. IX. 

3.0-3. 1 

Actinomyces oli - 

L. II. 

5.4-5. 5 

stedii (?) \ 

B. XIX. 

3. 4-3. 5 

vaceus 

SD. 

4. 8-4. 8 





W. aut. 

4. 8-5.0 

Actinomyces virido- j 

SVI (?) 

4. 1-4.2 




chromogenus \ 

W. aut. 

4. 2-4. 2 

' 

H. I. 

4. 2-4. 2 




Actinomyces fulvis- 

T. XIV. 

4. 2-4. 2 

Actinomyces aureus (?) 

LS. 

3.9-4. 1 

simus 

R. V. 

4.2-4. 3 





V. XXII 

4. 3-4. 3 

Actinomyces pheochro- 

Hb. 

4. 6-4. 7 




mogenus 



Actinomyces erythro- 

T. IV. 

4. 1-4.2 




chromogenus 







TABLE 8 

Growth of actinomycetes at pH 7.40 and 4.55 


ORGANISM 

| 

GROWTH AT 

pH 7.40 

pH 4.55 

Act. griseus , 3 strains 

4-5 

0 

Act. griseoflavus, 2 strains '. 

5 

0 

Act. cellidosae, 3 strains 

4-5 

0 

Act . oHvaceus, 3 strains 

4-5 

0 

Act. fulvissimus, 3 strains 

3-4 

5 

Act. violaceus-rubcr , 3 strains 

3-5 

0 

Act. roseus , 2 strains 

2-3 

3-4 

Act . bobili , 2 strains 

3-4 

2-4 

Act. Halstedii (?), 2 strains 

4-5 

4-5 

Act. aureus (?) 

4-5 

4-5 

Act. trytkrochromozenus 

! 3-3 

3-4 
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pH 4.8 to 5.1 — just the value which was found critical for the actinomycetes 
studied by Waksman and Joffe, and by Gillespie. Act. violaceus-ruber goes 
a little further, to pH 4.4 to 4.6, and the rest of the strains are able to resist 
still higher concentrations of hydrogen ions, one strain of Act. Halstedii (even 
acidifying the medium to pH 3. As a control on these figures a small experi- 
ment was run on the ability of the actinomycetes to induce growth at acid re- 
action. The following solution was used: starch, 10 gm.; asparagin, 2 gm.; 
KjHPOi, 2 gm.; MgSO<, 0.5 gm.; NaCl, 0.5 gm.; distilled water, 1,000 cc. 
Since lack of time prevented the carrying out of an experiment over a wide 
range of pH values, only the original medium of pH 7.4 and a medium with 
reaction adjusted to pH 4.55 by means of hydrochloric acid were used. The 
arrangement of the experiment was as before. After 10 days’ growth at 25°C. 
the results found in table 8 were noted. 

They agree fully with the previous experiment: the groups which acidify 
the medium only to pH 4.8 to 5.0 all refuse to grow at pH 4.55, as does Act. 
violaceus-ruber, for which the pH region of 4.4 to 4.6 is just the critical value; 
but all the more resistant strains produce a more or less vigorous growth at 
this reaction. The limiting pH value thus seems to be of considerable value 
for characterizing the various species-groups. 

CONCLUSIONS 

As was mentioned in the preface, all investigators agree about the great 
variability of the actinomycetes, which may vary in their appearance, not 
only on different media at the same time, but also on the same medium at 
different periods of time, so much that it is hardly ever possible to obtain 
two strains that show entire agreement. However, as Waksman (11) 
points out, closer study will often show these variations to be quantitative 
rather than qualitative, so that it is possible to classify them in groups, the 
limits of which must still be rather vague, since they must generally be left 
to the judgment of each individual investigator. In the present work this 
great variability was fully recognized, but in spite of this, certain outstanding 
features remain, which may serve for characterization of the various species- 
groups. For instance, all the strains of the griseus and griseoflavus groups 
have their strong proteolytic power, especially characterized by an abundant 
ammonia formation; this was found true of freshly isolated strains (H. IV, 
V. Ill) as well as of strains which had been kept in culture for more than 
two years (A. L. VIII, A. XVIII, Hed. IV); also the characteristic colors 
of the aerial mycelia remained constant. Further, the pigment production, 
which generally is subject to immense variation, may in several cases prove a 
qualitatively constant feature; for instance, none of the “chromogenus” 
species were ever seen to lose their property of forming brown pigments in 
protein media during the three years over which the work was extended, and 
the strains of the fulvissimus group retained their formation of the typical 
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golden pigment during the same period, although the intensity and brightness 
of the color varied considerably on the different media. Also such features 
as the litmus-like pigment and the strong nitrate reduction in the violaceus - 
ruber group and the peculiar appearance of the vegetative mycelium in the 
bobili group provejl most characteristic. Simply composed, synthetic media 
are certainly the most suitable for bringing out the characteristic features in 
the vast majority of the cases [it is quite possible that Lieske’s (9) conviction of 
the impossibility of classifying the actinomycetes is due to the fact that he did 
not employ any such media], but instances may also be found, where complex 
organic media will give a characteristic growth, such as the very striking ap- 
pearance of the bobili group on nutrient agar with glycerin. Finally the re- 
sistance towards acidity promises to be of value for separating the groups from 
one another and should be tested on a much larger number of strains than 
has been possible here. Although the majority of the strains isolated during 
the course of these experiments could not be identified and many of them not 
classified in groups, the author feels that this failure is due more to a lack of a 
sufficient number of representatives for the various groups and to a lack of 
sufficiently thorough study of both morphological and physiological characters 
than to an inherent impossibility of classifying these organisms. 

SUMMARY 

Counts were made of actinomycetes in 56 Danish soils of different char- 
acter. The numbers arranged from none or a few thousands to about 13 
millions to a gram of soil. Nearly all strongly acid soils — of pH less than 5 — 
had very small numbers of actinomycetes. The highest numbers seemed 
most frequent in the pH interval of 6.8 to 8. The percentage of actinomy- 
cetes in the total microflora on plates varied from 0 to 73 per cent; this figure 
was very low in strongly acid peat soils; otherwise it did not show any corre- 
lation with the soil reaction. Apart from the reaction there seemed to be no 
correspondence between the general soil types and the numbers of ac- 
tinomycetes. 

Several strains of actinomycetes isolated from these soils could be recognized 
as belonging to the following species-groups : 

Common organisms: Act . griseus, cellulosae } olivaceus , bobili, diastatochro - 
mogenus. Fairly common to rare organisms: Act . griseoflavus , violaceus - 
ruber , roseus , erythrochr onto genus, pheochromogenus. A new species-group, 
Actinomyces fulvissimus n. sp., is described. 

The majority of the strains could not be identified as belonging to definite 
groups. The different strains within the same species-group often show 
great differences in their physiological characters, such as pigment production, 
ability to utilize various carbohydrates, acid formation, nitrate reduction, 
and proteolytic activity although some of these characters remained relatively 
constant and appeared to have diagnostic value. Organic acids were some- 
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times formed from carbohydrates; this was always connected with nitrite 
production. The “chromogenous” forms had, upon the whole, a lower pro- 
teolytic power than the non-chromogenous. The ability of actinomycetes 
to resist acid reaction varied widely; the final acidity produced in a physiologi- 
cally acid nutrient solution for each species-group was subject to less variation 
than most other physiological characters and may be of value for the char- 
acterization and identification of the different species-groups. 
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EXCHANGEABLE CATIONS AND LIME REQUIREMENT IN DIF- 
FERENTLY FERTILIZED SOILS 1 
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The application of different fertilizers to the soil can be considered as an 
important factor affecting the amounts and kind of cases in the soil exchange 
complex. The soluble fertilizers introduced into the soil, change the concen- 
tration of the soil solution, which is established as a result of equilibrium 
reached between the dissolved salts of the soil and the exchangeable cations of 
the exchange complex. As a consequence of the change in the concentration of 
the soil solution, an exchange reaction between the cations of the salt introduced 
and the cations of the exchange complex occurs. A part of the cations of the 
salts is absorbed, and an equivalent amount of the exchangeable cations ap- 
pears in the solution. 

The amount of the bases in the complex can be increased or decreased, 
depending on the nature of the fertilizers applied to the soil. Hissink (10) 
points out the effect of the so-called acid and alkaline fertilizers on the ex- 
changeable calcium in soils. The acid fertilizer is found to bring a marked 
decrease in the content of the exchangeable bases, as compared with the effect 
of the alkaline fertilizers. Page and Williams (25) emphasize the influence 
of different fertilizers on the proportion and content of the exchangeable 
bases in the Rothamsted soils. The results were obtained from fertilized plots 
which were chalked. By applications of gypsum and of potassium and magnes- 
ium salts, the cations of these salts were introduced into the exchange complex. 
The addition of chalk to the soils increased the amount of exchangeable calcium. 
Merkle (23) found that fertilizers and organic manure change the quantity and 
proportion of the exchangeable cations. Ammonium and potassium when 
applied as fertilizers are retained by the acidoid complex. 

The introduction of the different fertilizers to the soil over a period of years 
is expected to exert a sensible effect on the soil exchange complex; this effect 

1 Part of a thesis presented to the faculty of Rutgers University and the State University 
of New Jersey in partial fulfillment of the requirements of the degree of master of science. 
Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 

* The writer wishes to express sincere appreciation to Dr. Sante Mattson for his kind sug- 
gestions and criticism in the performance of this work. Thanks are due also to Prof. A. W. 
Blair for placing at his disposal the experimental plots and for the kind interest shown through- 
out this work. 
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being more marked in soils which are low in soluble salts and have a low base 
exchange capacity. 

Observations on the effect produced by fertilizers on the state of the soil, are 
mostly related to certain chemical changes, especially those in the soil reaction. 
Few invesigators have studied the effect of the different fertilizers on the kind 
and amount of exchangeable bases of soils. 

The present work was performed to study the effect produced by different 
fertilizers in a Sassafras loam soil in 20 years of fertilization on the content of 
the exchangeable calcium and magnesium in the soil, on the degree of unsatura- 
tion, and on the lime requirement and reaction. This work gave an oppor- 
tunity to study the effect produced by the fertilizers in the presence and absence 
of lime in soil. 

SOILS USED 

Samples of soil taken at a depth of 6 \ inches from differently fertilized plots 
of the New Jersey Agricultural Experiment Station were air dried and passed 
through a 1-mm. sieve for this study. The soil is a Sassafras loam and has a 
low exchange capacity — 4.50 and 5 69 milliequivalents of bases to 100 gm of 
soil for the unlimed and limed soils of the check plots respectively The ratio 
of silica to sesquioxides of the colloidal part of an adjacent virgin Sassafras soil 

SiO 

is 1.66. The sandy character of this soil and the low ratio of tt-f: — — 77 - 
J A1 2 0 3 + Fe 2 0 3 

explain the fact of the low base exchange capacity of this soil. The silica 
sesquioxide ratio of the colioids is found by Mattson (20) to be directly re- 
lated to their property to adsorb bases. This investigator observed that with 
the increase of the ratio of the silica to sesquioxides, there is an increase in the 
capacity of adsorption by the colloid. 

The experimental plots were established in 1908 by Lipman and Blair (13) 
for the study of the availability of the different nitrogenous fertilizers. The 
plots receiving different treatments are divided into two sections: A and B. 
Plots A have received no lime for the last 20 years, whereas plots B has re- 
ceived lime at intervals of 5 years (2 tons ground limestone to the acre). The 
fertilizer treatment is the same for the corresponding plots in each series (13, 
14, 15, 16). Eighteen plots were selected for the experiments, nine from the 
unlimed section A and nine from the corresponding limed section B. The 
fertilizer treatments of the plots selected were as follows: 

Plot No. Annual fertilizer treatment for liZO-acrt plot 

1A, IB Nothing 

2A, 2B 16 pounds muriate of potash 

3A, 3B 32 pounds superphosphate 

4A, 4B Minerals only* 

* Minerals — 32 pounds superphosphate and 16 pounds muriate of potash. (Since 1923, 
some changes have been made in the application of superphosphate and muriate of potash, 
which were reduced to one-half of the original amount, that is, 16 and 8 pounds respectively 
to each plot.) 
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Plot No. Annual fertilizer treatment for 1/20-acre plot 

5 A, 5B Minerals, 1600 pounds cow manure 
9 A, 9B Minerals, 16 pounds NaNOj 
10A, 10B Minerals, Ca(N0 8 )2 equivalent to 16 pounds NaNOj 
11 A, 11B Minerals, (NH^SOi equivalent to 16 pounds NaNOi 

12 A, 12B Minerals, CaCNa equivalent to 16 pounds NaNOj 

METHODS 

In petforming this work, difficulties were met with in applying some of the 
methods; therefore, more detailed study was necessary. This paper includes 
the results of the study and a comparison of certain methods which were used 
afterward in the carrying out of this research. 

To determine the amount of the exchangeable calcium in the unlimed soils 
A, Gedroiz’s (7) method was used. Twenty-five gram samples were treated 
with a neutral normal solution of ammonium chloride. Half a liter of this 
salt solution was found to be sufficient for complete replacement of the exchange- 
able calcium in the soil. 

In the limed soils B, the determination of the exchangeable calcium was more 
difficult. Hissink’s method (9) was applied. This method consists of leach- 
ing a 25-gm. sample of soil with a neutral normal solution of sodium chloride. 
Hissink assumes that the first portion of the filtrate, equal to 1 liter, contains 
both the exchangeable calcium and the calcium carbonate brought into the 
solution by the action of the sodium chloride, and that the second liter contains 
the dissolved calcium carbonate, equal in amount to that of the first liter. 
The difference between the amounts of calcium in the first and second liters of 
the filtrate represents the amount of the exchangeable calcium present in the 
soil. 

In the case of the Sassafras B soils, with a low base exchange capacity, 12.5- 
gm. samples were treated with sodium chloride solution and two half-liter 
portions of filtrates were collected and the calcium was determined. By 
subtracting the amount of calcium found in the second portion of the filtrate 
from that in the first portion, it appeared that the amounts of exchangeable 
calcium were too high. The sum of the exchangeable calcium and magnesium 
in most cases surpassed the total base exchange capacity of the soils tested, 
even when sodium, potassium, and hydrogen originally present in the soil 
exchange complex were not taken into consideration. The cause of this 
phenomenon was supposed to be due to the unequal solubility effect produced 
by the sodium chloride solution on the calcium carbonate of the soil in the first 
half-liter treatment and in the subsequent second half-liter treatment, the 
solubility being higher in the former case. 

Two other methods, those of Tyurin (26) and Gedroiz (7) were then applied 
for determining the amount of the dissolved calcium carbonate in the first 
half liter of the sodium chloride solution. Tyurin recently suggested, for 
ascertaining the dissolved carbonates, a method which consists in titrating a 
portion of the filtrate containing both the exchangeable and the dissolved cal- 
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cium carbonate with a 0.02 N solution of hydrochloric acid in the presence of 
methyl orange. From the amount of hydrochloric acid used for the decomposi- 
tion of the carbonates present in the solution, the sum of calcium oxide and 
magnesium oxide is calculated in terms of calcium oxide, because of the pre- 
dominance of calcium carbonate in the salt solution. Determinations of the 
dissolved calcium carbonate were made by this method. The absence of 
magnesium carbonate or the presence of only traces permitted the calculation 
in equivalents of calcium from the results obtained by titration. 

Gedroiz’s method for determining the dissolved calcium carbonate consists 
in estimating the carbonates in the soil before and after treatment with the salt 
solution. The difference between the carbonates found before and after 
treatment gives the amount of the carbonates dissolved. 


TABLE 1 

Amount of calcium carbonate dissolved from the soils by the normal sodium chloride solution , as 

determined by different methods 


PLOT NO. 

CaO DISSOLVED FROM 12.5 CM. OF SOIL 

CaCOi PRESENT [N 
THE SOIL 

Titration method 
(Tyurin) 

Difference in content 
of CaCOa before and 
after treatment with 
N NaCl solution 
(Gedroiz) 

Ca found in the second 
half liter of NaCl 
solution 
(Hissink) 


mgm. 

mgm. 

mgm. 

per cent 

IB 

5.2 

5.2 

2.4 

0.28 

2B 

3.1 

3.6 

0.7 

0.06 

3B 

4.5 

6.0 

1.5 

0.16 

4B 

4.3 

4.1 

1.0 

0.09 

5B 

4.5 

4.6 

1.4 

0.05 

9B 

3.4 

3.5 

0.8 

0.06 

10B 

4.5 

4.6 

1.4 

0.13 

11B 

3.2 

3.8 

0.8 

0.08 

12B 

4.6 

5.0 

1.1 

0.08 


The amounts of calcium carbonate dissolved, as determined by Hissings, 
Tyurin’s, and Gedroiz’s methods, are presented in table 1. A comparison of 
the results shows that according to Tyurin’s method the amounts of the calcium 
carbonates dissolved are almost similar to those obtained by Gedroiz’s method. 
In the case of Hissink’s method, the results are found to be much lower. By 
introducing a correction for the dissolved calcium carbonate according to the 
Hissink method, the amount of the exchangeable calcium is thus found to be 
too large. Hissink’s method gives values for the exchangeable calcium which 
are greater than those of the two other methods by 0.68 to 1.33 milliequivalent 
to 100 gm. of soil for the different plots. These amounts introduce a fairly 
considerable error in soils with a low exchange capacity such as Sassafras loam. 

Menchikowsky and Ravikovitch (22) used the method of Hissink for the 
determination of the exchangeable calcium in highly calcareous soils (15.5 to 
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40.1 per cent CaCOs). The results obtained showed that the second liter of 
sodium chloride solution contained almost a constant concentration of calcium 
carbonate dissolved for the different soils examined. For the Sassafras soils 
B, with a low content of calcium carbonate (table 1), the constancy of concen- 
tration of the calcium carbonate dissolved was not observed. This constancy 
of solubility produced by the sodium chloride solution may be expected in 
soils with a high content of calcium carbonate. 

Thet exchangeable hydrogen (unsaturation) was determined by Mattson’s 
calcium carbonate paste method (21), which is based on the principle of inter- 
action between an unsaturated soil and calcium carbonate paste through a 
parchment membrane. As a result of this contact with the paste, the hydrogen 
of the complex is replaced by the calcium. Mattson (18) observed that when 
calcium carbonate is mixed with a soil in the presence of water, as a result of 
the hydrolysis of the calcium carbonate an amount of calcium is adsorbed by 
the soil and an equivalent amount of calcium is left in the solution as calcium 
bicarbonate. The reaction of hydrolysis of calcium carbonate is shown in the 
following scheme: 


2 H 2 0 ^2H + + 2 OH-\ ... 

2 CaCO, <=* 2 CaCO, ?=* 2 CO" + 2 Ca ++ j Ca(0H)! adsorbed 
solid dis- j | 

solved ^ ' 

2 HCO; - Ca(HCOj)* 

The calcium hydroxide formed as a result of hydrolysis of the calcium car- 
bonate, is adsorbed by the soil until it is in equilibrium. 

The 12.5-gm. samples of soils to be tested were placed in conical bags of thin 
parchment paper, which were then put into similar shaped bags made of filter 
paper. Then bags containing the soil were placed in a calcium carbonate 
paste. The soils were then saturated with water and allowed to remain in the 
paste until equilibrium between the calcium carbonate and the soil was estab- 
lished. The filter paper bag was introduced throughout this work to keep the 
parchment bag from direct contact with the solid calcium carbonate and thus 
to prevent it from sticking to the parchment bags. After equilibrium was 
established, the inner parchment bag containing the soil was then removed for 
analysis. 

A more detailed study of this method established the fact that during the 
first period of contact of the soil with the paste, the samples tested contained 
amounts of calcium (as determined by treatment with ammonium chloride 
and sodium chloride solutions) sometimes higher than the total base exchange 
capacity. This rise in calcium content is due to the formation in the soil mass 
of calcium bicarbonate, which appears simultaneously with the calcium 
hydroxide. As a result of the intensive adsorption of the calcium hydroxide 
by the soil in the early stages, the calcium bicarbonate accumulates temporarily 
in the soil solution. The accumulation of the bicarbonates on the inside of 
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the membrane produces a diffusion gradient toward the outside paste solution 
which has a lower concentration of this salt and a higher pH, and thus the 
calcium bicarbonate is gradually removed from the soil. 

The preliminary experiments showed that a period of 21 days is necessary 
for complete saturation of the soils and that a period of 27 days is sufficient 
for complete removal of the excess calcium bicarbonate from the soil, as equi- 
librium is already established. By leaching the samples with water before 
treatment with the salt solutions, the calcium bicarbonate present in the soil 
mass after the saturation is completed, can be removed. The results obtained 
for the amount of calcium after 27 days of contact with the paste, and the same 

TABLE 2 

Amount of exchangeable bases in the unlimed and limed soils 



soils after 21 days of contact when washed before treatment with the salt 
solution, were found to be identical 

After equilibrium was reached, the A soil samples were treated with ammo- 
nium chloride solution and the B soils with sodium chloride solution. In the 
filtrate the calcium, which was determined, represents the sum of the exchange- 
able and the adsorbed calcium, and in the case of the limed B soils, also the 
dissolved calcium carbonate. The difference between the amount of calcium 
before and after contact with the paste is the calcium adsorbed, which, ex- 
pressed in milliequivalents to 100 gm. of soil, represents the H-ion content in 
the soil exchange complex. 

The total base exchange capacity was determined by treating the soil with 
a neutral normal solution of barium chloride until the cations present in the 
complex were replaced by barium ions. 
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The hydrogen-ion concentration of the soils examined was determined poten- 
tiometrically by the quinhydrone electrode. 

The determinations of silicon, aluminum, and ferric oxides in the colloidal 
part of the Sassafras soil were made by fusion with sodium carbonate (2). 

All calculations are made on the basis of oven-dry matter. 

EXCHANGEABLE BASES IN THE SOILS 

Influence of lime on the exchangeable calcium content 

The amounts of exchangeable calcium for plots A and exchangeable calcium 
and magnesium for plots B are given in table 2 and presented graphically in 
figure 1. 


loo . 



Fig. 1. Amount of Exchangeable Calcium in Un limed and Limed Soils 

From the results obtained, the difference between the amounts of the ex- 
changeable calcium in plots A and B is readily seen. The calcium content of 
plots B considerably exceeds that of plots A. The increase in the exchangeable 
calcium content in the B plots is due to the introduction of lime to these soils. 
Thus this marked difference explains clearly the influence of the liming on the 
content of exchangeable calcium in the soils. Table 3 shows the effect of lim- 
ing (CaCOs) upon the amounts of exchangeable calcium in the soils. The 
increase in the percentage of exchangeable calcium in the B plots, due to the 
liming, varies from 40.6 per cent to 89.7 per cent. 
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Influence of fertilizers on exchangeable calcium content 

A comparison of the amounts of the exchangeable calcium for the different 
plots in each of the two series A and B, shows a difference in their content, 
which is due to the influence of the different fertilizers. 

In series A, the exchangeable calcium is lowest in plots 11, 2, and 1. The 
remainder of the plots, with the exception of 4A, contain equal amounts of 
exchangeable calcium (2.63 to 2.68 milliequivalents to 100 gm. of soil). 

Plot 2 A, receiving the muriate of potash, lost a considerable part of its 
exchangeable calcium. Plot 4A, receiving calcium phosphate, in addition to 
muriate of potash, contains a higher amount of exchangeable calcium than 
plot 2A, receiving only muriate of potash. The calcium phosphate, with its 
constituent calcium sulfate, tends to increase the amount of the exchangeable 


TABLE 3 

Effect of liming upon the amount of exchangeable calcium in the soils 


PLOT NO. 

DIFFERENCE iN EXCHANGEABLE CALCIUM BETWEEN 

THE LIMED AND UNLIMED SOILS 

INCREASE OF EXCHANGE 

Per cent CaO 

Milliequivalents CaO to 
100 gm. soil 

CALCIUM IN LIMED PLOTS, 
DUE TO LIMING 

IB 

. 

0.084 

2.98 

Per cent 

59.2 * 

2B 

0.073 

2.58 

64.8 

3B 

0.062 

2.19 

45.2 

4B 

0.081 

2.90 

56 3 

5B 

0.115 

4.09 

60.4 

9B 

0.051 

1.82 

40.6 

10B 

0.062 

2.23 

45.9 

11B 

0.098 

3.50 

89.7 

12B 

0.068 

2.43 

47.5 


calcium in the soil, and, in mixture with the muriate of potash, suppresses the 
replacing effect of the latter on the exchangeable calcium. 

Plot 5A, 9A, 10A, and 12A, receiving in addition to muriate of potash and 
superphosphate, different nitrogenous fertilizers, such as cow manure, sodium 
nitrate, calcium nitrate, and calcium cyanamid, respectively, are about equal 
in their content of exchangeable calcium. These different nitrogenous ferti- 
lizers did not induce any comparative changes in the content of exchangeable 
calcium. The nearly constant amount of the exchangeable calcium in these 
plots can be related to a balance between the augmenting and suppressing effect 
of the superphosphate and muriate of potash respectively. 

Calcium phosphate and muriate of potash, brought into soils A, create in 
the solution a definite concentration of these salts. The exchangeable calcium 
is thus maintained at an equilibrium with the soil solution, and is held at a 
certain level, which is regulated by the concentration of the calcium and potas- 
sium ions of the salts applied. When the exchangeable complex is subjected 
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to the action of only the potassium ion of the muriate of potash, as in the case 
of the plot 2A, the effect of this ion is expected to be different from that of the 
calcium ion of the superphosphate. In this plot the potassium, not having the 
competition of calcium, exerted its action by removing the calcium from the 
exchangeable complex. The continual introduction of the muriate of potash 
into the soil in the course of 20 years, at the rate of 320 or 160 pounds an 
acre, reduced the amount of the calcium over 30 per cent, as compared with 
the check plot 1A. 

A very considerable change in the content of the exchangeable calcium in 
the soil was produced by the application of the ammonium sulfate. This 
salt reduced the amount of the exchangeable calcium to the very low level of 
0.4 milligram equivalent to 100 gm. of soil. As a physiological acid salt, the 
ammonium sulfate brings into the soil two acid radicals, nitrate and sulfate 
(the first appearing as the result of nitrification). The acids formed, con- 
tinuously attack die soil exchange complex and remove the combined bases 
as salts of the nitric and sulfuric acids. The annual introduction of new 
portions of this salt to the soil, decidedly exhausted the soil of its exchangeable 
calcium content, which is 85 per cent lower than the plots receiving other forms 
of nitrogenous fertilizers. 

The comparatively lower content of the exchangeable calcium in the check 
plot 1A can be explained by the fact that this plot did not receive, as did the 
other plots, calcium phosphate, which leads to a certain increase of the ex- 
changeable calcium. 

The exchangeable calcium content of the limed plots of series B varies. In 
those plots the effect of muriate of potash and of ammonium sulfate in decreas- 
ing the content of the exchangeable calcium can also be observed. This 
influence is less pronounced than in the unlimed plots 2A and 11A on account 
of the presence of calcium carbonate, which maintains the saturation of the 
soil. 

Plot 5B, receiving cow manure, surmounts the other plots in its content of 
exchangeable calcium. This high content is related to the high exchange 
capacity of the soil. The higher capacity is due to the application of organic 
manure, which introduces into the soil certain organic compounds possessing 
the property of base exchange in a very high degree. 

The other limed plots are almost equal in their amounts of exchangeable 
calcium. 

In most cases, the exchangeable calcium for the different plots is found to 
be approximately 80 per cent of the total base exchange capacity. The 
relatively high percentage of exchangeable calcium in plot IB is related to the 
higher content of calcium carbonate found in this soil. 

Exchangeable magnesium 

In table 2 are given the results for the exchangeable magnesium. The con- 
tent of this base in the exchange complex varies from 3.8 per cent to 12 per 
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cent. The highest content of exchangeable magnesium, like that of exchange- 
able calcium is in plot SB. 

Calcium carbonate in the limed plots 

In the last column of table 1 is given the calcium carbonate content of the 
limed soils. The results indicate that the amounts of calcium carbonate differ 
for the different plots in spite of equal applications of lime to all the plots. 
With the exception of 10B, in all plots to which muriate of potash was applied, 
the content of calcium carbonate is lower than in the check plot IB and in plot 
3B, which received only superphosphate. The potassium chloride has a 
solubility effect not only on the exchangeable calcium, as has been pointed out, 
but also on carbonate of calcium. The action of muriate of potash on calcium 


TABLE 4 

Amount of calcium adsorbed in the unlimed and limed soils, after equilibrium in the calcium 

carbonate paste 


UNLIMED 

LIMED 

Plot no. 

CaO after equilibrium 
in the CaCOa paste 

C'aO adsorbed 

Plot no. 

CaO after equilibrium' 
in the CaCOa paste 

j CaO adsorbed 

Per cent 

Miliiequiv- 
alents in 
100 gm. 
soil 

Per cent 

Milliequiv- 
alenls in 
100 gm. 
soil 

Per cent { 

Milliequiv- 
alents in 
100 gm, 
soil 

Per cent 

Milliequiv- 
alents in 
100 gm. 
soil 

1A 

0.110 

3.92 

0.052 

1.87 

IB 

0.144 

5.15 

0.003 

0.12 

2A 

0.106 

3.78 

0.067 

2.38 

2B 

0.135 

4.85 

0.025 

0.87 

3A 

0.139 

4 96 

0 065 

2.31 

3B 

0.145 

5.19 

0.010 

0.35 

4A 

0.127 

4.54 

0.064 

2.29 

4B 

0.158 

5.64 

0.014 

0.49 

5A 

0.137 

4.88 

0.062 

2.20 

5B 

0.207 

7.40 

0.018 

0.63 

9A 

9.132 

4.74 

0.058 

2.08 

9B 

0.137 

4.91 

0.012 

0.43 

10A 

0.134 

4.77 

0.060 

2.14 

10B 

0.150 

5.35 

0.014 

0.49 

11A 

0.114 

4.06 

0.102 

3.66 

11B 

0.143 

5.13 

0 034 

1.23 

12A 

0.122 

4.36 

0.048 

1.70 

12B j 

0.155 | 

5.55 

0.013 | 

0.46 


carbonate was observed by Goessman (8), who pointed out that common salt 
and muriate of potash decompose the carbonates of lime and magnesia of the 
soil, changing those carbonates from a comparatively insoluble form to a 
soluble salt, which is carried out from the soils in the drainage water. 

UNSATURATION OF THE SOIL 

The exchangeable complex of the soils is found to contain not only metallic 
ions, but also hydrogen ions. The soils, the exchangeable complex of which 
contains a certain amount of hydrogen ions, are called “unsaturated” as 
compared with “saturated,” which yield only metallic cations in the exchange 
reaction (6). 

The introduction of fertilizers changes markedly the state of saturation of 
the soil exchange complex; the amounts of the metallic ions can be increased 



EXCHANGEABLE CATIONS AND LIME REQUIREMENT 

y 

or reduced by application of the various fertilizers, depending on the nature 
of the last ones. 

The soils of the unlimed A and limed B plots, which were treated for many 
years with different kinds of fertilizers , differ greatly in their state of saturation. 
The unsaturation values of the soils from plots A and B are presented in table 
4. The figures represent the amounts of hydrogen ion in the exchangeable 
complex that were replaced by the calcium when brought into contact with 
calcium carbonate paste, according to the Mattson method, and thus charac- 
terizing the unsaturation of the different soils. 

The highest unsaturation is found in plots A. These soils adsorbed great 
amounts of calcium from the paste, which approached the amounts of exchange- 

TABLE 5 

Degree of unsaturation in the unlimed and limed soils 




UNLIMED 



LIMED 


Plot no. 

Total base 
exchange 
capacity in 
mgm. equiv. 
in 100 gm. 
soil 

Unsaturation 

pH 

Plot no. 

Total base 
exchange 
capacity in 
mgm. equiv. 
in 100 gm. 
soil 

Unsatu- 

ration 

pH 

1A 

4.50 

per cent 

41.5 

5 03 

IB 

5.69 

Per cent 

2.1 

7.62 

2A 

4.60 

51.7 

5 03 

2B 

5.50 

15.8 

7.33 

3A 

5.28 

43.6 

5 04 

3B 

6.03 

5.7 

7.39 

4A 

4.89 

46.9 

5.05 

4B 

6.40 

7.6 

7.20 

5A 

5 56 

39.5 

5.12 

5B 

8 39 

7.6 

6.95 

9A 

5.21 

39.9 

5.47 

9B 

5.74 

7.5 

7.26 

10A 

5 03 

42.3 

5.37 

10B 

5.91 

8.3 

7.40 

11A 

4.61 

79.4 

3.90 

1 IB 

5.68 

21.6 

7.13 

12A 

4.44 

38.3 

5 57 

12B 

6.49 

7.1 

7.26 


able calcium present in the soils and in some cases surpassed them. The degree 
of unsaturation is given in table 5 as the percentage of the exchangeable 
hydrogen in relation to the total base exchange capacity of the soil. The 
degree of unsaturation is calculated according to the following formula: 

Calcium adsorbed by 100 gm. of soil in mgm. equiv. X 100 
Total base exchange capacity in 100 gm. of soil in mgm. equiv. 

U maturation in the unlimed plots A 

The degree of unsaturation for the A plots fluctuates from 38 per cent to 79 
per cent depending upon the application of the different fertilizers. Figure 2 
represents graphically the degree of unsaturation for the various A plots. The 
most unsaturated plots are found to be 2A and 11 A. The muriate of potash 
and ammonium sulfate, producing the loss of exchangeable calcium in these 
did not substitute their basis for the calcium lost: The calcium removed is 
mostly found to be replaced by hydrogen. 
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As has been indicated, the effect of ammonium sulfate in the removal of the 
bases is due mostly to the action of the acids formed and the consequent intro- 
duction of hydrogen ions in the exchangeable complex. With muriate of 
potash, there is at first a replacement of other bases by the potassium ion and a 
subsequent loss of this base by replacement with hydrogen. The exchangeable 
complex saturated with monovalent bases is less stable when combined with 
these bases than in the case of divalent ones. Such a complex is more readily 
attacked by water, and as a result of this water action, the monovalent bases 
are more easily removed. 



Fig. 2. Degree of Unsaturation in the Unlimed and Limed Soils 

The exchangeable potassium can be removed also by the assimilation of 
plants. Martin (17) and Fraps (5), in recent papers concerning the effect of 
crop growth on the exchangeable potassium, show that the plants remove 
considerable amounts of exchangeable potassium from the soil. 

Unsaturation in the limed plots B 

Plots B (table 4 and fig. 2) likewise were found unsaturated to a certain 
degree. It can be noted that in spite of the presence of calcium carbonate in 
the soil all the plots contain a certain amount of hydrogen in the exchangeable 
complex. The presence of the replaceable hydrogen in the limed plot 11B, was 
previously observed by Joffe and McLean (2). 

Because of many factors (such as the percolation of water through the soil, 
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bacterial activities, growth of plants, the effect of fertilizers), the complete 
saturation is evidently not reached under field conditions in the presence of 
small amounts of calcium carbonate. The greatest unsaturation is found in 
plots 2B and 11B, which is 15.8 per cent and 21.6 per cent, respectively. The 
unsaturation for the other B plots, with the exception of the check plot IB, 
varies only between 5.7 per cent and 8.3 per cent. 

LIME REQUIREMENT OF THE SOILS 

In these experiments, the “lime requirement” means the amount of calcium 
adsorbed in the presence of unlimited quantities of calcium carbonate. This 
amount was determined, according to the Mattson method, by bringing the 
unsaturated sample of soil into contact with the calcium carbonate paste until 
equilibrium between the calcium carbonate and the soil was established. This 

TABLE 6 

“ Lime requirement” ( calcium oxide) for the unlimed and lim-ed soils , according to Mattson*s 

method 


PLOT NO. 

LIME REQUIREMENT J 

(CilO) ! 

POUNDS AN A (’RE 

i: 

TLOT NO. 

1 

LIME REQUIREMENT 

(CaO) 

POUNDS AN ACRE 

1A 

1,040 

1R 

60 

2 A 

1,340 

2B 

500 

3 A 

1,300 

3B 

200 

4A 

1,280 

4B 

280 

5A 

1,240 

5B 

360 

9A 

1,160 

9B 

240 

10A 

1,200 

10B 

280 

1 1 A 

2,040 

11B 

680 

12A 

960 

12B 

260 


means of determining the lime requirement approaches more closely the natural 
conditions of lime application. 

The rapidity and completeness of saturation will be dependent on the con- 
centration of calcium hydroxide in the soil solution which appears as the result 
of the hydrolysis of the calcium carbonate. The liming under field conditions 
will approach the results of the laboratory experiments, and a more rapid and 
complete saturation of the exchangeable complex will depend on the introduc- 
tion of somewhat increased amounts of lime, based on the amount found 
necessary by the laboratory paste method; the fineness of the lime applied; 
and the careful mechanical mixing of the soil after the introduction of lime. 

Table 6 gives the amounts of lime, as calculated by Mattson’s method, 
necessary for complete saturation of the soil of plots A and B. The figures 
are given for an acre, to a depth of 6 $ inches, on the basis of 2,000,000 pounds 
of soil. 
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COMPARISON OF LIME REQUIREMENT AND pH VALUE IN THE SOILS 

Many experiments were carried out to compare the lime requirement with 
the pH value in an attempt to establish a correlation between the two values. 
Often, soils having the same pH values are found to vary in their lime require- 
ment. Christensen and Jensen (4), investigating a number of soils having 
the same pH value, found a great difference in the amount of lime required for 
neutralization. Johnson (11) points out that there is no relation between the 
lime requirement and the hydrogen-ion concentration. Joffe and McLean (12) 
showed no correlation to exist between the pH value and the total replaceable 
hydrogen in the complex. Other investigators, however, found a correlation 



U & limed Limed 


Fig. 3. Relationship Between the “LimeRequirement” and the pH Values 

between the two values. Blair and Prince (2) found a fairly close correlation 
between the H-ion concentration and the lime requirement. Some correlation 
has been obtained by Carleton (3) for the hydrogen-ion concentration and lime 
requirement for soils of the same type. 

Ogg and Dow (24) showed that heavy soils had a higher lime requirement 
than light soils. 

The relationship between the two values depends chiefly on the buffer and 
adsorption capacity of the different types of soil. Mattson (19, 20) showed 
that the colloidal material of different soils varies greatly in base adsorption 
power according to their composition ratio of silica/ sesquioxides. The buffer 
and exchange capacity increases with an increase in this ratio. 
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In the case of the Sassafras soils with different lime requirements for various 
plots which belong to the same type of soil and have almost the same physical 
and chemical composition for each section, an opportunity was given to find 
whether a relationship exists between the lime requirement and the pH value. 
The results obtained (tables 5 and 6) for the lime requirement and for the 
reaction of all the unlimed and limed plots show that there is a certain correla- 
tion between these two values. The reaction of the plots unsaturated to 
different degrees thus reflects the state of their unsaturation. The correlation 
is graphically represented in figure 3. 

The reaction of the soils 

Table 6 gives the pH value of the unlimed A and limed B plots. The pH 
of the A plots varies from .5.9 to 5.57. The pH for all the limed plots is higher, 
the reaction being alkaline in all plots with the exception of 5B. Plots 2B 
and 11B, of which the degree of unsaturation rises to 15.8 and 21.6 per cent 
respectively, are slightly alkaline. Thus it is seen that the soils are unsatu- 
rated with respect to their reaction with calcium carbonate and still have an 
alkaline reaction. The calcium-magnesium- sodium-potassium-hydrogen com- 
plex is analogous to the salts of the sodium phosphate, which may contain 
displaceable hydrogen and not be acid. Similarly, the reaction of a soil may 
be alkaline and yet react with calcium carbonate. 

From the foregoing discussion it is seen that the reaction reflects relatively 
the state of unsaturation of the soil studied, but does not show the actual 
degree of base saturation of the exchange complex. 

SUMMARY 

Some of the methods applied were studied in detail and discussed. Matt- 
son’s calcium carbonate paste method was studied in detail before its applica- 
tion to the determination of lime requirement. Hissink’s, Gedroiz’s, and 
Tyurin’s methods for the determination of the calcium carbonate dissolved by 
the sodium chloride solution, were compared. Hissink’s correction for the 
dissolved calcium carbonate was found to be unsatisfactory for the limed 
Sassafras soils. Gedroiz’s and Tyurin’s methods were found to give almost 
identical results for the amount of calcium carbonate dissolved. 

The effect of different fertilizer treatments on the content of exchangeable 
calcium and magnesium, the degree of unsaturation, the lime requirement, and 
the reaction were studied. The amount of exchangeable calcium is found to 
vary with the kind of fertilizer applied to the soil. The calcium carbonate in all 
cases increased considerably the amount of exchangeable calcium. The 
superphosphate increased to a certain degree the amount of the exchangeable 
calcium. The muriate of potash is found to remove the exchangeable calcium 
both in the unlimed and limed soils. The ammonium sulfate appeared to have 
the most exhaustive action in removing the exchangeable calcium from the 
soil. The greatest effect was produced on the unlimed soil. The application 
of manure increased the total base exchange capacity of the soils and in the 
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limed plot, the amount of the exchangeable calcium. The unlimed soils were 
found to be highly unsaturated, the degree of unsaturation being influenced by 
the fertilizer applied. A correlation was found between the lime requirement 
and the pH value, in both the unlimed and the limed soils. 
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Among the numerous problems dealing with soil organic matter, which is 
complicated both in nature and origin, none has received more attention than 
the methods suggested for its quantitative determination. These methods 
have been concerned either with the determination of the soil organic matter 
as a whole or only with a certain definite fraction that has been commonly 
considered to be of the greatest importance in soil fertility. The term “humus' 1 
is usually applied indiscriminately both to the total organic matter and to some 
portion of it which has become an integral part of the soil. 

METHODS FOR DETERMINATING TOTAL SOIL ORGANIC MATTER 

It is now generally agreed that the determination of the total organic matter 
content of the soil by the loss on ignition is hardly a fair measure, since the 
chemically combined water is also included in this determination. The 
common error found in the use of this method may range from 10 per cent, in 
the case of sandy soils, to 50 or even 70 |>er cent, in the case of clay soils. 
This unusually large error makes the determination totally unacceptable for 
accurate work. 

The other common method available for this puqx>se is the determination 
of the total carbon content of the soil; this can be obtained by one of the dry 
or one of the wet combustion methods. The amount of organic carbon found 
in a definite quantity of soil is then multiplied by the factor 1.724 to give the 
total content of soil organic matter. This factor has been obtained by Van 
Bcmmelen, Wollny, and other soil chemists, on the assumption that the carbon 
content of soil organic matter is 58 per cent. It will be brought out in the 
following pages that this assumption was fairly accurate and that this method 
is still the most reliable that we have at the present time for measuring the 
total organic matter of the soil. If the soil contains carbonates, these should 
be determined separately and correction made on the total carbon found in 
the given soil. 

Because the carbon-nitrogen ratio of the soil organic matter is usually found 
to be about 10 to 1, it has been suggested that the organic matter content of 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 
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the soil be calculated from the total nitrogen found (1), namely, by multiplying 
the nitrogen figure by 20. This is often far from accurate, however, because 
the ratio (C:N) is frequently found to be much narrower than 10:1, in which 
case an abnormally high organic matter content will be reported. 

Various modifications of the total carbon method have been suggested, based 
upon the oxidation of the organic matter, whereby either the amount of 
oxidizing agent consumed, as in the chromic acid method of Schollenberger 
(13), or the amount of reduction brought about, as in the sulfur dioxide method 
of Robinson (9), is determined. These methods may prove convenient for 
practical purposes where a rapid determination of the approximate concentra- 
tion of organic matter in the soil is desired. The results will be invalidated, 
however, when the soil is rich in reducing substances of an inorganic nature. 
The use of a 30 per cent solution of hydrogen peroxide for the complete oxida- 
tion of the total soil organic matter can also be grouped among the methods for 
determinating total carbon in soil (10). 

For a careful qualitative and quantitative study of the soil organic matter 
the determination of total carbon remains the most reliable, provided the 
nature of this organic matter is understood. 

DETERMINATING DEFINITE FRACTIONS OF SOIL ORGANIC MATTER 

In addition to determining total organic matter in the soil, numerous 
attempts have been made to analyze for certain definite organic fractions that 
were believed to play specific functions in the physical, chemical, or biological 
soil processes. The analysis of these fractions was based upon the old, totally 
unjustified assumption of Hilgard and others that plant residues added to the 
soil must be ‘‘humified” before the nutrient elements can become available for 
plant utilization. In other words, the “humified” organic matter was con- 
sidered to be the intermediary materia) between the plant remains that have 
been introduced into the soil in the form of roots, stubble, green manures, and 
stable manures, and the final products of decomposition, such as ammonia and 
carbon dioxide. The complete lack of justification for this assumption has 
been amply illustrated in a previous contribution (18) in which the literature on 
the origin of the so-called soil “humus” has been reviewed in detail. The 
unwarranted conclusions seemed to have found support in the fact that in 
the decomposition of plant and animal residues in the soil various dark colored 
substances, possessing definite physical and chemical properties are produced. 
However, these dark colored substances can hardly be considered as inter- 
mediary decomposition products; they should rather be looked upon as sub- 
stances resulting from direct or indirect decomposition of plant residues that 
have resisted further degradation as well as of products of microbial synthesis. 

It is interesting to note, in this connection, that the soil chemists and agro- 
nomists have considered this “humified” organic matter largely from the point 
of view of its nitrogen content. The chemists, in their study of the nature of 
soil “humus, ’ frequently left the nitrogen out of consideration altogether, 
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since the formulas suggested for the various “humic acids” were entirely 
free from nitrogen, although no treatment with strong alkalies or acids could 
remove this nitrogen completely without destroying the whole complex. 

The various methods which have been suggested at different times for 
determining this “humified” portion of soil organic matter can be conveniently 
divided into two groups: 

1. Methods based upon the use of alkalies for the extraction of the soil “humus.” This 
“humus” or “humic acid” is either precipitated from the alkali solution by an acid, or, when 
ammonia has been used for extraction, the solution is evaporated leaving the “humus” 
residue. In all these determinations — including that of the nuiliere noire of Grandeau, 
“humic” and “hymctomelanic” acid of Hoppe-Scylcr and O ien, and the a-fraction of the 
senior author — only a part o» the soil organic matter, rarely more than 30 to 50 per cent, is 
usually obtained. The same thing is true of determinations based upon the depth of color 
of the alkali extract when compared with the color of an alkaline solution of a standard 
‘humic acid” preparation, or some definitely colored solution. Because the chemical identity 
of this fraction is still a matter of discussion and because varying quantitative results were 
obtained depending on the nature and concentration of the alkali, on the temperature and 
length of extraction, and on the nature of precipitating agents 17, 19), this method may be 
abandoned for any accurate measurement of soil organic matter or of any definite fraction 
of it. 

2. The oxidation of the “humified” jxirtion of the soil organic matter by mild oxidizing 
agents, such as dilute hydrogen j>eruxide, permanganate solution, and hypochlorite solution. 
The value of all of these methods has been questioned, especially in view of the fact that we 
know nothing of the nature of the organic complexes which are acted upon by these reagents, 
as is shown later. 

These two methods are based ujxm two distinctly different properties of a 
certain part of the organic matter, namely, solubility in alkalies and oxidation 
by certain weak oxidizing agents. Nothing definite is known concerning the 
chemical nature of these complexes; it is not known whether the two groups 
of methods deal with the same or with different chemical substances. 

Springer, who reviewed these methods in detail recently (17), made an 
exception for the acetyl bromide method of Karrer. This reagent was found 
to dissolve natural plant constituents, but it leaves the so-called “humus" or 
newly formed, dark-colored substances intact. The method may yield in- 
teresting information in the study of decomposition of plant materials in the 
compost, such as in the differentiation between certain residual and resistant 
plant constituents and modified or synthesized complexes, but we can hardly 
expect that it may serve as a general method for determining the nature and 
abundance of soil organic matter. 

For the purpose of throwing a certain amount of light upon the oxidation 
methods as a means of determining the nature of the particular organic com- 
plexes which are thereby oxidized, and of determining whether the substances 
thereby oxidized have any definite relation to the so-called ‘‘humus" complexes 
in the soil, the following experiments were carried out: Four preparations; 
namely, finely ground fresh chestnut wood, wood rotted by brown rot fungi and 
resulting in a product which consisted of 71 per cent lignin and modified 
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lignin complexes, forest soil consisting of surface material (F-layer) of a spruce 
forest, and lowmoor (sawgrass) peat from the Everglades, Florida. A detailed 
chemical analysis of the four materials is given in table 1. 

Portions of the air-dried and ground materials were treated with a 6 per cent 
hydrogen peroxide solution, according to Robinson’s method (8), and with a 
solution of chlorine dioxide (C10 3 ), according to the method of Schmidt (11). 
The last method is known to dissolve all lignin in plant material and has found 
considerable application in plant chemistry. 


TABLE 1 


Chemical composition of four organic substances used for oxidation studies 
In per cent of total dry material 


CHEMICAL COMPLEXES 


Ether-soluble 

Cold- and hot- water-soluble 

Alcohol-soluble 

Hemicelluloses 

Cellulose 

Lignins 

Protein 

Ash 


SOCNO 

CHESTNUT 

WOOD 

ROTTED 

WOOD 

FOREST SOU. 
(F-LAYER > 

LOWMOOR 

PE\T 

2 66 

1.48 

3 58 

2 98 

7 08 

1 26 1 

5 14 

1.73 

3 27 j 

5 05 



1 06 

15 23 | 

4 72 

17 50 

6 41 

23 58 ; 

2 16 1 

9 62 

0 28 

22 05 ; 

71 14 

42 26 

46 12 

0 54 | 

1 41 j 

6 84 

23 06 

0 54 

0 65 ! 

6 05 

10 00 


TABLE 2 

Influence of oxidation of fresh and decomposed plant residues with a six per cent sdution of 
hydrogen peroxide and with a solution of chlorine dioxide 


N ATITR F. OF MATE R 1 A L I 

! 

i 

t 

Sound chestnut wood i 

Rotted wood ! 

Forest soil I 

Lowmoor peat soil 


piopotTf'X* oxmriKD *y 


HiDi } CIO. 

per irnt j pt* <mt 

20 l j 28.0 

614 ( 925 

67.6 45 2 

802 ! 750 


Table 2 shows that a 6 per cent solution of hydrogen peroxide is capable of 
oxidizing not only decomposed or “humified” organic material but also a 
certain amount of fresh plant material; actually 20 per cent of the total sound 
chestnut wood was oxidized by this reagent. If that is the case, how much 
emphasis can be laid upon the determination of the so-called “humified” 
matter even in decomposed material by the use of this method? The rotted 
wood which contains 75 per cent lignin, as shown both by direct lignin deter- 
minations and by treatment with chlorine dioxide, is oxidized by hydrogen 
peroxide to the extent of 61 per cent. The lowmoor peat, which contains 10 
per cent ash, 23 per cent nitrogenous compounds, various ether- and alcohol- 
soluble substances, hemicelluloses, and but 46 per cent of lignins and modified 
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lignin (“humus”) complexes, was oxidized to the extent of 80 per cent by the 
peroxide reagent. One would hesitate to apply the term “humified” material 
to these 80 per cent of peat constituents, since a large part of it is no doubt of 
plant origin and since the term itself is meaningless in any attempt to in- 
terpret the chemical nature of the constituents as well as the processes of peat 
formation. 

The chlorine dioxide reagent also reacts with various plant constituents, 
oxidizing more than the lignin fraction in the organic material. This is espe- 
cially well brought out in the data on the sound chestnut wood and rotted wood. 
Here as well, it is rather difficult to interpret the results obtained by this 
method in terms of definite constituents of the decomposed plant residues. 
One would hardly be justified in any attempt to apply these results to an 
interpretation of the nature of the organic matter in soils and peats. 

For the purpose of interpreting further the nature of those chemical con- 
stituents of the plant residues and of the decomposed organic matter which 
are acted upon by these oxidizing agents, definite quantities of the aforemen- 
tioned four organic substances were treated with ether, then with hot alcohol, 
and finally with hot water. Various fractions of the four preparations thus 
extracted were now divided into several series and treated as follows: (a) One 
set was oxidized directly with hydrogen peroxide and chlorine dioxide reagents 
and the amount of material thereby lost determined, (b) Another set was 
boiled with 2 jkt cent hydrochloric acid, at 100°C. for 5 hours, to remove all 
the hcmicelluloses. The residues were filtered, washed thoroughly with 
distilled water, and treated with the two oxidizing agents, (r) A third set of 
samples was treated with hydrochloric acid as in set ( b ), filtered, washed, 
dried, and then further treated with 10 volumes of 80 per cent sulfuric acid for 2 
hours; this was then diluted with 15 volumes of water and boiled for 5 hours, 
the process resulting in a complete removal of the celluloses. The material 
left after this treatment consists of lignin with a small admixture of protein 
and a*>h ; it was again subjected to the action of the two oxidizing agents. The 
data obtained as a result of the oxidation of these various preparations were 
calculated back to the original material and reported on a percentage basis 
(table 3). 

From the results on the oxidation of the chestnut wood preparations by 
chlorine dioxide, one may conclude that this reagent acts primarily upon the 
lignin and to some extent ujK>n the hemicelluloses of the plant tissues. With 
an increase in the lignin content of the preparation there is an increase in the 
amount of material removed by the chlorine dioxide reagent; finally when pure 
lignin is left, as a result of the acid treatment, 99.4 per cent of the material is 
oxidized by chlorine dioxide. However, the 6 per cent hydrogen peroxide 
solution acts only to a limited extent upon several of the plant constituents, 
including some of the lignin and some of the water-and alcohol-soluble con- 
stituents. 

The rotted wood contained 71 per cent lignin, and one would, therefore, 
expect that it should be acted upon readily by the chlorine dioxide reagent; this 
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organic matter in the soil; however, to be able to study the various stages of 
decomposition of soil organic matter we must first gain a proper understanding 
of the mechanism of the decomposition processes; these are still imperfectly 
understood. 3. A study of the chemical composition of the soil organic matter; 
this has already been attempted by numerous investigators, and any new 
method of approach can only add further information to this complicated 
problem. 

An attempt has already been made (21, 24) to apply the proximate system of 
analysis, which has been developed for the study of the processes of decom- 
position of plant materials, to the analysis of peat and forest soils, which are 
largely organic in nature. By this system of analysis, as much as 80 to 95 per 
cent of the constituents of these two organic soil formations have been ac- 
counted for in terms of definite chemical complexes. 

One may now go a step further and apply this system of analysis to the 
study of the organic matter in inorganic soils. The method, of course, would 
have to be considerably modified, since one is dealing here with a mass of 
material containing only 1 to 10 per cent of organic matter and 90 to 99 per 
cent of inorganic constituents. 

Keppeler (3) suggested that peat be treated with concentrated sulfuric acid 
solution (72 per cent), then the amount of reducing sugar produced be deter- 
mined; the latter was found to serve as a good index of the degree of decomposi- 
tion of peat: the less reducing sugar formed the more the peat is decomposed. 
Unfortunately, the fact was not considered that lowmoor, highmoor, and 
sedimentary' peats are derived from different plant residues varying markedly 
in composition: although each can be compared with other peats of the same 
nature, they cannot be compared with one another, as has been shown else- 
where (22). 

The carbon, nitrogen, and moisture contents of the untreated soil are 
determined on separate portions. The complete analysis can be carried out 
as follows: Two 100-gm. portions of air-dry soil are extracted first with ether 
in Soxhlets, for 12 to 24 hours. The ether extract is evaporated to a small 
volume, transferred to weighing bottles, dried to constant weight, and the 
amount of ether-soluble material determined. The ether-treated soil is next 
extracted with hot 95 per cent alcohol for 1 to 2 hours, on a water bath. The 
alcohol-soluble materiel is determined in the extract. The residual soil may 
then be treated w r ith hot water; this is followed by extraction with 2 per cent 
hydrochloric acid solution, for 5 hours at 100°C.; the hot-water extract may 
be omitted and the soil treated with the acid following the alcohol extraction. 
The acid extract is filtered off and the soil washed with distilled water. The 
filtrate and washings are combined and made up to volume. One aliquot 
portion is used for a determination of reducing sugar, one for total nitrogen, 
and one for ammonia-nitrogen determinations. The total amount of organic 
matter that has gone into solution may be calculated from the carbon content 
in an aliquot portion of the extract. The sugar and the ammonia can serve as 
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indexes of the hemiceiiulose and amide content of the organic matter in the 
particular soil. 

It should be noted here that after the soil has been treated with hydrochloric 
or with sulfuric acid, a solution is obtained which is frequently very rich in 
iron and aluminum. These elements interfere with an accurate sugar deter- 
mination. After neutralization, the iron and aluminum precipitate should 
be filtered off, and the residue washed; the sugar is then determined in the 
filtrate. One must make sure that the results check well. 

Aliquot portions (20 to 50 gm.) of the dry residue left after the hydrochloric 
acid treatment are now placed in flasks and 20 to 30 cc. of 80 per cent sulfuric 
acid solution is added. The acid is allowed to act upon the soil for 2 \ hours in 
the cold. The material is then diluted w ith 15 volumes of water (300 to 450 
cc.) and boiled for 2 to 5 hours. This treatment results in the complete 
hydrolysis of the cellulose found in the soil and its transformation into glucose. 
The determination of the reducing sugar can serve as a fair index of the cel- 
lulose content of the soil. The residue from the sulfuric acid treatment is 
thoroughly washed with water, dried, weighed, and analyzed for total carbon 
and nitrogen. This residual organic matter consists of lignin and its trans- 
formation products and of various synthesized microbial complexes including 
certain organic nitrogen compounds. If one assumes that the distribution 
of the nim>gen in the organic nitrogenous soil complexes is the same as the 
nitrogen distribution in native plant and animal proteins, one can calculate the 
amount of organic nitrogenous substance and the residual material by multiply- 
ing the nitrogen content by the factor 6.25. 1 2 By subtracting from the total 
carbon found in the residue the carbon of the nitrogenous complex, assuming 
that the latter contains 50 per cent carbon and allowing 62 per cent carbon in 
the ‘lignin-humus” complex, one can calculate the amount of the ‘dignin- 
humus” complex in the residual soil and in the original soil. The following 
formula may be used for this purjx)se: 

. , a 100 b x too 

Per cent of lignin-humus complex m soil = ■ -y— — ‘ ^ — , 

where a ~ the carbon content in the sulfuric acid residue, calculated on the basis of the total 
original sample of soil, 

.1 » the total carbon content of the sample of soil, 

b * protein content in the sulfuric acid residue, obtained by multiplying the nitrogen 
content of the residue by 6.25; this is then calculated for the whole sample, 

5 =» total organic matter <n the soil sample, as calculated from the organic carbon of 
the soil. 

1 The use of the factor 6.25 for calculating protein or organic nitrogenous compounds from 

the total nitrogen of the soil may prove to be far from accurate. Before any more definite 
information has been obtained concerning the chemical nature of the nitrogenous compounds 
of the soil, the factor should be looked upon as tentative. It should be emphasized here as 
well that the factor 1.72 for determining the total organic matter, from the carbon content 
should also be considered as merely tentative. 
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It may prove desirable to subdivide this “lignin-humus” complex further 
into certain subgroups; this can be accomplished by the use of a reagent like 
acetyl-bromide, by the solubility of a part of the complex in ammonium 
hydroxide solution, or by the formation of a precipitate as a result of the 
acidification of the hot sodium hydroxide extract of the material. 

For carrying out this analysis, several soils from different parts of the United 
States and Canada have been used. These soils can be described as follows: 

Soil no. 4. Summit soil from Missouri, Hor. A. 

Soil no. 6. Chernozem soil from Hays, Kansas, Hor. A. 

Soil no. 10. Alpine humus, from Pike's Peak, at a height of 13,800 feet. 

Soil no. 16. Chernozem soil from Edmonton, Alberta, Canada, taken at a depth of 
1 to 25 cm. 

Soil no. 18. Brown soil at Indian Head, Saskatchewan, Canada, depth 1 to 20 cm. 

Soil no. 21. Chernozem soil from Brandon, Mannitoba, Canada, depth 1 to 20 cm. 

Soil no. 22. Same as no. 2 1 , 25 to 50 cm. depth. 

Soil no. 29. Carrington loam, dark colored, prairie soil, Hor. A. 

A summary of the carbon, nitrogen, and organic matter content of these 
soils is given in table 4. These results show, first, that there is a considerable 
discrepancy in the organic matter content of the soil as determined by loss on 
ignition and as calculated from the carbon content. The loss on ignition is 
usually 35 to 75 per cent higher than the organic matter calculated from the 
carbon content and, in some cases even 118 per cent higher. Secondly, the 
fairly uniform ratio between the carbon and nitrogen of the soil is of con- 
siderable interest. This ratio ranges within narrow limits between 9.9 to 
12 . 0 . 

Tabk 5 gives the results of the proximate chemical composition of the 
organic rpatter found in these soils. These results were calculated on the 
basis of the total soil organic matter, the latter being determined from the 
total carbon figures given in table 4. 

These results are highly interesting. They prove definitely that the chemi- 
cal composition of organic matter in different soils varies considerably. This 
is true especially of the non-nitrogenous constituents. The fat and wax 
content (ether-soluble portion) varies from 0.46 to 4.71 jkt cent of the total 
organic matter. A similar variation is found in the amount of alcohol-soluble 
constituents (resinous substances). The celluloses and hemicelluloscs in the 
soil also vary, although not to such an extent. It is interesting to note that 
the hemicellulose content of the soil organic matter is considerably larger than 
the cellulose content, just the reverse of what is found in plant residues. This 
is because the hemicellulose (including the pentosans and methyl-pentosans) 
group comprises also substances which have been largely synthesized by the 
soil microorganisms in the building up of their cell substance. It is interesting 
to note that some of the reducing sugars obtained in the cellulose fraction may 
represent not true plant cellulose but microbial cellulose or chitin. 

The two largest groups of chemical complexes found in the soil organic 
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matter are the “lignin-humus” complex (“soil lignin” or “soil humus”) and 
the nitrogenous compounds. These two groups make up 71 to 80 per cent of 
the total organic matter of the soil and an even larger amount of that part of 
the organic matter which is accounted for in these analyses. The high carbon 
content of the soil organic matter (usually taken as 58 per cent) is due to the 
predominance of the lignins, lignin-like complexes, and lignin derivatives with a 
high carbon content (62 to 64 per cent). The more or less definite relation 

TABLE 4 

The nature of the organic matter in different mineral soils 


On the basis of dry soil 


son. no. 

j ORGANIC ! 
; MATTER NY ! 
| IGNITION j 

ORGANIC 

MATTER 

C X 1.7J 

i 1 

j TOTAL CARBON 

1 J 

TOTAL j 

NITROGEN ! 

1 

i 

C/N 

pH or son. 

4 

! Per cent | 

! 7.89 | 

per cent 

4 49 

J per cent j 

! 2.61 i 

ptr cent 

0.2417 i 

10.8 

6.82 

6 

j 5.98 

2 74 

1 59 j 

0.1543 1 

10 3 

7.56 

10 

! li oo | 

7 74 

: 4 50 i 

0 4429 ! 

io i ; 

5 08 

16 

1 17 10 | 

11 20 

6 51 . 

0 6695 ! 

99 ; 

! 6 38 

18 

i 10 34 

6 24 

! 3 63 i 

0.3324 1 

10.9 

8.26 

21 

j 10 06 

7.40 

4 30 

0 3950 j 

10.9 | 

8.25 

22 

j 12 03 

8 31 

4 83 ' 

0 4403 j 

11.0 

8.26 

29 

1 10.16 , 

6 48 

3.77 ! 

0 3145 

12 0 

I 7.75 


TABLE 5 

Proximate chemical composition of soil organic matter 
On the basis of the total soil organic matter (C X 1.72) 


SOIL NO 

riBER • 
SOM' HU. 
MATERIAL 

A1 J OHOL- 
, S«»U HU*’ 

MATERIAL 

1 

HMIKHLI** 1 
LOAl-S 

O LL CLOSE 

LIGNIN - 

nrur> 
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ORGANIC 
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NOt S 

COMPLEXES 

Sl f M or THE 
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*-.Nrs 

ACTOCNTED 
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per cent 

Per cent 

per tent 

per cent 

Percent 

Per tent 

per cent 

4 

» 3 56 

0 58 

5 44 

3 55 

; 43 37 

: 33 78 

90 28 

6 

4 71 

i 1 53 

8 60 * 

5 22 

i 40 81 

34 74 

, 95 61 

10 

; 1 94 

f 3 10 

12 59 

5 36 

. 35 18 

35 77 

93 94 

16 

; 0 80 

0.82 

5 55 ' 
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; 41.87 

; 37.35 

90.49 

IS 

I 1 02 

j 0 88 

0 96 
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< 42 05 

33 25 

87.66 

21 

! 0 46 

0 84 

8 54 

2.83 

42 85 

: 33 36 

88.86 

22 

! 0 52 , 

i 0 63 

10 66 

3 38 

46 50 

33 13 

: 94.82 

29 

I 0.62 ; 

0 61 

8.21 i 

3 64 

49 29 

* 30 35 

92.75 


between the “lignin-humus" complex and the organic nitrogenous complexes 
accounts for the more or less constant ratio between the carbon and the nitrogen 
in the soil organic matter. 

The close correlation l>etween these two groups of complexes in the soil 
organic matter may be a matter of chance or it may be due to the actual 
formation of a chemical compound between the two, whereby they are made 
more resistant to the action of the microorganisms. It should be recalled 
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in this connection that the peats, especially the lowmoors, which are more 
closely related in their hemicellulose and cellulose content to the soil organic 
matter, are richer in lignins and lower in nitrogenous compounds than the 
organic matter of the soil; this explains the considerably wider carbon-nitrogen 
ratio of the peat material than of the soil organic matter. 

Special attention should be called to soil 10, or the Alpine soil. Because 
of the very high altitude and prevailing low temperature, the organic matter 
produced by the roots and by other residues of the Alpine vegetation is not 
decomposed as readily as in normal field soils with a more optimum tempera- 
ture for the activities of soil microorganisms. The high cellulose and hemi- 
cellulose content, the high ether- and alcohol-soluble fractions, as well as the 
low “lignin-humus” content point to the fact that this soil still contains some 
plant residues undecomposed or in the process of active decomposition. 

These results bring out definitely the fact that by the method of analysis 
proposed here one may be able to account for 90 per cent or more of the soil 
organic matter in the form of definite chemical compounds. Although the 
exact chemical identity of some of the compounds may be questioned, still 
there is no room here for the application of such indefinite terms as “humus,” 
“humified,” “humic matter,” as well as of the numerous “humic acids,” which 
have been confusing, both as to their nature and their origin, to the investi- 
gator who has attempted to contribute to our knowledge of the soii organic 
matter. This method of proximate analysis can certainly not be recom- 
mended for a routine study of the nature of soil organic matter but it enables us 
to investigate the exact chemical identity of the constituents of the organic 
matter of the soil, just as a proximate analysis of plant material allows us to 
make a closer study of the nature of the chemical complexes in the piant 
w’hich are still unknown. 

The advantage of dividing the soil organic matter into several groups by the 
method proposed here over the alkali methods previously employed can 
hardly be questioned. Whatever the nature of the fatty, waxy, and resinous 
substances present (15) in various soils under different conditions of treatment, 
their grouping together into the ether- and alcohol-soluble fractions allows us 
to think of them in definite chemical terms. Whatever the nature of the 
hemicelluloses, whether they are pentosans and methyl pentosans, the presence 
of which has been demonstrated in soii by Michelet and Se!>elicn (about 4.2 
per cent of the orgaric matter (6)J, by Konig and associates (4), by Schreiner 
and Shorey (14), and by others, or hexosans such as galactans and mannans, 
or whether the sugar is obtained by hydrolysis of nucleo-proteids, oxycelluloses, 
pectins, and various uronic acid compounds, their classification into one 
group places them conveniently for further investigation. The same thing is 
true of the celluloses. Soil no. 16, for example, which is reported to contain 
5.53 per cent hemicellulose and 4.12 per cent cellulose (on the basis of the soil 
oiganic matter), gave 6.85 per cent furfural-yielding substances, on distillation 
with 12 per cent hydrochloric acid. The two remaining groups, namely, 
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the organic nitrogenous compounds, which can be referred to as the “protein 
group,” and the lignins or lignin-like complexes and modified lignins, which 
can be referred to as the “lignin” or the “lignin-humus” group, comprise 70 to 
80 per cent of the total soil organic matter. The “protein” group, on hydroly- 
sis with acids and alkalies, gives various amino acids, acid amides, and hetero- 
cyclic compounds. The relative amide content is considerably greater than in 
plant or animal proteins, but the nature of most of the heterocyclic compounds 
as well as of the melanoid-like compounds (12), still remains to be determined. 
The presence of the lignins and lignin-like complexes in soil can also be demon- 
strated by methoxyl determinations (6, 4, 16). 

In all the past “humus” and “humic acid” determinations, when the soil 
was treated with an alkali solution at a high or low temperature for a short or a 
long jieriod of time, several of the chemical complexes discussed here were 
acted upon; namely, the hemiceiluloses, the “lignin” complex, and the “pro- 
tein” groups; they were partly brought into solution and partly hydrolyzed 
depending uj>on the extracting agent and upon conditions of extraction. This 
action is very similar to that which results from the treatment of undecomposed 
plant material with an alkali solution, with the sole exception that, in the case 
of the soil, the problem i* further complicated by the presence of a large amount 
of aluminosilicates which are also brought into solution by the alkali. When 
an acid is added to the alkaline soil extract a precipitate is formed, the amount 
and nature of which 'such as nitrogen and ash content) depend upon the 
amount and nature of the precipitating agent and the temperature of precipita- 
tion. An exact similarity is found in the precipitation of the alkaline plant 
extract by acids. It is this precipitate which was termed “humic acid" and 
was frequently further separated on the basis of solubility in alcohol, in 
pyridine, and in other solvents. One can easily show that this “humic acid” 
is nothing but a mixture of: »<j) certain hemiceiluloses (in the broadest sense), 
since it gives reducing sugars on hydrolysis with dilute acids and furfural on 
distillation with 12 |>er cent hydrochloric acid; (b) nitrogenous organic com- 
jxmnds since it usually contains 5 |>er cent nitrogen — part of which is 
readily hydrolyzed with dilute acids, giving amino acids and acid amides, and 
part of which cannot be hydrolyzed even by prolonged boiling with 20 per 
cent hydrochloric acid, {Hunting to its non-protein nature; (c) lignins and 
lignin-like complexes, as shown by its resistance to the action of SO per cent 
sulfuric acid in the cold and by its methoxyl content. These phenomena will 
l>c discussed in detail in a later contribution. 

One of the most imj>ortant and interesting groups of chemical complexes 
in the proximate analysis of plant material, composted material, and soil 
organic matter is found in the “protein” group or the organic nitrogenous 
compounds. It should be recalled here that the percentage of “protein” 
in the soil organic matter is calculated bv multiplying the total nitrogen of 
the soil (the water-soluble forms of nitrogen in ordinary field soil !>eing 
quite negligible) by 6.25; the quantity thus obtained is divided by the total 
organic matter of the soil (carbon content x 1.72) and multiplied by 100. 
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One assumes thereby that the nitrogen content of the soil nitrogenous organic 
complexes is 16 per cent, which is probably far from accurate, and that the 
carbon content of the soil organic matter is 58 per cent, which is also somewhat 
too high, especially in view of the carbohydrate content of the organic matter. 
These figures must be reinterpreted with the further accumulation of our 
knowledge of the chemical composition of the soil organic matter. 

Given a constant carbon-nitrogen ratio in the soil organic matter and 
constant factors for nitrogen and carbon, the percentage of ‘‘protein” in 
soil will be expected to be constant, as is actually the case. Should the C/N 
ratio always be 10, the theoretical amount of “protein” or hypothetical nitro- 
genous compounds in soil would be: 


N protein factor 1 6.25 

~ X ; — - — : : X 100 or — X — 

C total organic matter factor 10 1.72 


X 100 


36.54 per cent 


The “protein” content in soils 10 and 16 (table 5), which have a carbon- 
nitrogen ratio approaching the theoretical 10:1, more closely than that of the 
other soils, is actually found to be very close to this theoretical figure, namely 
35.77 and 37.35 per cent. The wider the C/N T ratio, the lower is the “protein” 
content of the soil organic matter; the narrower the ratio, the higher is the 
“protein” content. 

The question then arises: What is the nature of these nitrogenous com- 
pounds? There is no doubt that they are partly protein-like ir. nature, because 
on hydrolysis with acids they give a large amount of various amino acids. 
However, the distribution of the amino groups in the proteins of the soil 
organic matter is quite different from that in the plant or animal proteins. 
As a matter of fact, Lathrop (5) and Morrow (7) have shown that no matter 
what the amino acid distribution in the proteins added to the soil, the newly 
formed soil “protein” is quite different in nature, and that different soils 
behave alike in producing the same type of protein. This points definitely 
to the fact expressed by the senior author repeatedly concerning the r6le of the 
microbial cell substance as a source of protein or of organic nitrogenous com- 
plexes in the soil organic matter. 

The following experiment deals, in a preliminary manner, with the distribu- 
tion of nitrogen in the various soils previously analyzed by related treatment 
with different concentrations of acid (table 6). Only between 22.5 and 33.5 
per cent of the total soil nitrogen is made soluble by prolonged boiling with 
2 per cent hydrochloric acid. The amount is increased to 38.4 per cent in the 
Alpine soil, which, as the general analysis shows, is still rich in undecomj>osed 
organic matter. Taking into consideration the average of all these soils, we 
find that 29.5 per cent of the nitrogen in the soil organic matter is made soluble 
in dilute add, of which 7.6 per cent, or a little more than a quarter, of the 
nitrqgen thus made soluble, is in the form of ammonia. This form of nitrogen 
is derived from the amides, which become hydrolyzed by the acid treatment. 
An almost equal amount (average 29.6 per cent) was made further soluble by 
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treatment with cold 80 per cent sulfuric acid followed by boiling with a 5 per 
cent solution of this acid for 5 hours. 

When the residual soil after the two acid treatments was boiled with a 20 
per cent hydrochloric acid solution for 30 hours, another 18 per cent of the 
nitrogen was made soluble; the residual soil still contained, on an average, 16.3 
per cent of the original nitrogen. Whether this form of nitrogen, which is so 
highly resistant to the action of concentrated acid, is also most resistant to the 
action of microorganisms still remains to be determined. It is known at least 
that this form of nitrogen is low in plant proteins; the lowest amount of this 
nitrogen was found in the Alpine soil, considerable amounts of the organic 
matter of which are still in the process of decomposition. 
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In only one instance among the various soils analyzed, was there more than 
one horizon used, namely, in the case of the Brandon soil, with A and B 
horizons (nos. 21 and 22). The lower horizon was richer in organic matter 
than the upper horizon, as is shown by the higher carbon and nitrogen content, 
but the nature of the organic matter was nearly identical in both instances. 
This can be readily seen from the almost exact carbon-nitrogen ratio, and 
from the nitrogen distribution, as well as from the relative abundance of the 
non-nit rogenous complexes. The reaction of both horizons was also nearly 
the same. These results, as well, point to the possible applications of the 
method to the study of the nature of soil organic matter. 

The analyses of two other horizons of one soil taken from different profiles of 
a solonietz type of soil near l argo, North Dakota, are recorded in table 7. In 
the analyses of these two soils, the cold- and hot-water-soluble portions of the 
organic matter were also included. The results agree fully with the proximate 
analyses of the other soils and show again only minor differences in the chemical 
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composition of the two horizons, which, however, may prove important when 
more information has accumulated. 

Two theories are current at present in the literature in regard to the chemical 
nature of the soil organic matter: According to one theory, the soil “humus” 
is made up of a few simple, well-defined chemical compounds, the so-called 
“humic acids” and “humins,” which are believed to be produced from plant 
and animal residues added to the soil by certain simple chemical or biological 
processes. According to the other theory (14), the soil organic matter is made 
up of a large number of chemical constituents. Numerous organic compounds 
can be isolated from the soil, provided the proper methods are available. 

The proponents of the first theory sought to clarify our conception of the 
nature of soil organic matter by determining the chemical and physico-chemical 
properties of two or three of the “amino acids.” In most cases, however, these 


TABLE 7 


The chemical nature of the organic matter of two horizons of a Chernozem profiie> at Fargo , N. D. 
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30.27 ! 

27.08 


acids were nothing but labels for compounds obtained by different methods of 
preparation rather than of well-defined chemical properties. The projjoncnts 
of the second theory did not attempt to present a clear picture of the soil 
organic matter as a ..-hole, if that is at all possible. 

The results presented here demonstrate beyond any doubt that a detailed 
study of the chemical nature of soil organic matter will reveal the fact that 
it is very complex in composition. The complexity in chemical composition 
of plant materials and animal bodies has not prevented the plant chemist and 
animal biochemist from undertaking a detailed study of them, with the result 
that a great body of information on these two subjects has accumulated; the 
complexity of the soil organic matter as well need not prevent the chemist, 
preferably the organic chemist, interested in soil problems from investigating 
the nature of this organic matter. 
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In the study of soil chemistry, the greatest emphasis has been laid upon the 
inorganic constituents while the organic chemical problems have received but 
scant attention. Our knowledge of the organic chemistry of the soil, especially 
of that highly important group of soil constituents, the organic matter complex 
in nature and formed as a result of numerous microbiological processes of 
decomposition and of synthesis, is still a science to be developed. For the 
present, however, a simplified method based upon the more detailed analysis 
may be suggested here, which will enable the student of soils to obtain at least a 
certain insight into the nature of the organic matter in the various soils and 
serve as a beginning for further investigation. 

SIMPLIFIED METHOD OF ANALYSIS OF SOIL ORGANIC MATTER 

The methods previously utilized for the study of the chemical nature of soil 
organic matter are somewhat too complicated for routine analysis. An 
attempt has been made, however, to simplify the method of analysis. The 
following is a brief outline of such a simplified method: 

The soil to l>c analyzed is air-dried, ground, and sieved. The air-dry material may be 
used for analysis but the results should be calculated on an oven-dry basis. Total nitrogen 
and total carbon determinations are made on the air-dry material. The results of the analysis 
of the organic matter should lx* calculated on the per cent basis of the total organic matter 
of the soil. This is obtained by multiplying the organic carbon content of the soil by 1.72. 
This factor will probably be modified when considerable information has accumulated con- 
cerning the chemical composition of the soil organic matter. For the present, however, this 
factor is as satisfactory as any other one . 2 0 for example) that might be suggested. 

Two 200-gm. quantities of the oven-dry soil are extracted with ether in Soxhlets for 10 to 
16 hours. This is followed bv hot alcohol extraction. The extraction with a mixture < 1 : 1) of 
benzol -alcohol may be employed, following the ether extraction, or may be used in place of 
both ether and alcohol extractions. Tht ether extract is evajx>rated to a small volume, then 
transferred to a weighing lx>ttlc; the residue carefully dried and the bottle weighed. The 
alcoholic extract is evaporated in weighed dishes. The amount of material Tats, waxes, 
and resins) soluble in ether and in alcohol is thus obtained. The extraction with benzol- 
alcohol mixture, in place of the ether and alcohol extractions, is carried out in a similar 
manner. The material extracted from soil by benzol-alcohol was found to be nearly equiva- 
lent to that extracted by ether ami by alcohol. 

Fifty-gram quantities of the dried residual material are placed in beakers and treated with 
25 cc. of 80 per cent sulfuric acid solution for 2} hours in the cold. Next, 375-cc. portions of 
distilled water arc added to the beakers and the diluted acid extract is heated for 5 hours in 
flowing steam. The digest is filtered through dried and weighed papers and the residue is 
washed thoroughly with water. The solution is made up to volume and the amount of reduc- 
ing sugar v abo total and ammonia nitrogen if desired) determined. The sugar serves as a 
measure of the total carbohydrate content of the soil organic matter. 

The residue from the acid extraction is dried and weighed. Two 5-gm. quantities from 
each residue are used for total carbon determinations, and two 10-gm. quantities are used for 
total nitrogen determinations. The “lignin” or “lignin-humus’* complex is then calculated 
from the carbon and nitrogen content of this residue. 

A lowmoor peat and two Sassafras soils, one manured for a number of years 
and one unmanured, were used for this analysis. The results are given in 
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table 8. These results show that by this method of analysis one can account 
for 95 per cent of the soil organic matter in the form of four definite, more or 
less well-defined chemical groups. 

This method has a number of distinct advantages over the alkali extraction 
methods frequently used formerly: 

It enables us to determine at a glance the stage of decomposition of the organic matter in 
the soil. Fresh, slightly decomposed organic matter of plant origin will have a high carbo- 
hydrate fraction and low “protein” and “lignin-humus” fractions. The more advanced the 
stage of decomposition of the organic matter, the less will be the carbohydrate content and the 
larger will become the last two fractions. 

The method enables us to divide the organic matter of the soil into groups that are con- 
venient for further study. Each fraction can then be studied by itself. 

The results brought out by this method show how fallacious it is to speak of “humified” 
and “non-humified” portions of the soil organic matter. One may speak, however, of the 
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On the basis of organic matter content of soil* 
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* In the tse of the mineral soils, the organic matter content is calculated by multiplying 
the organic carbon by the factor 1 . 724. 

t The peat analysis is also calculated on an ash-free basis; the ash content of the peat was 
10 per cent. 

t Total carbon content of the manured soil is 1.75 per cent; of the unmanured, 0.82 per 
cent 


degree of decomposition as indicated by the chemical changes that have taken place in the 
distribution of the various constituents in plant residues after they have become incorporated 
in the soil and become a part of its organic matter. 


SUMMARY 

The most reliable method available at present for determining quantitatively 
the soil organic matter is based upon the determination of organic carbon, 
which is multiplied by 1.724 to give total soil organic matter. 

The methods proposed at different times for measuring the abundance of 
“humus” or “humic acid” in the soil, based upon its extraction with alkalies, 
cannot be used for determining quantitatively the soil organic matter or even a 
definite fraction of it. In these methods the extraction of the soil with alkalies 
is either followed by the evaporation of the alkali, by the precipitation of the 




SOIL ORGANIC MATTER 


115 


so-called “humus” with an acid, or by the determination of the color of the 
solution extracted, which is then compared with a standard solution. 

Those methods which are based upon the use of oxidizing agents, such as 
permanganate solution or 6 per cent hydrogen peroxide solution for partial 
oxidation of soil organic matter, cannot be used for determining its degree 
of decomposition. These reagents usually act upon different substances, 
partly of plant origin and partly synthesized by the microorganisms, which 
have no direct bearing upon the degree of decomposition of the plant organic 
matter. 

A proximate method of analysis of soil organic matter is suggested, whereby 
90 to 95 per cent of all the constituents of the organic matter of the soil can be 
accounted for in groups of definite chemical complexes. 

It has been found, by this method of analysis, that the soil organic matter 
is made up largely of two groups of complexes: the lignin-like complexes, 
which can be referred to as ‘‘humus-lignin” or “soil-lignin;” and the nitrogenous 
complexes or “soil proteins/’ In addition to these two groups, the soil organic 
matter contains some fats, waxes, and resinous substances (ether- and alcohol- 
soluble substances;, and certain carbohydrates, including various heraicellu- 
loses and small amounts of ceilulosc-like substances. 
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One of the first great contributions to plant production was the establishment 
of the fact that certain elements are essential to plant growth, which cul- 
minated in Liebig's complete list, from which he erroneously omitted iron. 
With this change, the original 10 essential elements have remained intact for 
about three-quarters of a century, although many investigators have produced 
evidence favorable to the inclusion of others. 

The importance of manganese has been stressed, but until recently it has 
received little consideration. Within the past few years the coincidence 
between res{x>nse to manganese fertilization and the alkalinity of certain 
naturally calcareous and limed soils has indicated a probable relation between 
soil reaction and the availability of manganese similar to that which has been 
apparently established for iron. 

HISTORICAL REVIEW 
Manganese 

The distribution of manganese in nature has been extensively studied. 
Richard (40), Bertrand and Rosenblatt (2), and McHargue (25) have deter- 
mined its distribution and localization in plants, and Robinson (41) has 
recently rejvorted the distribution of manganese in soils and shown that the 
amount varies throughout a wide range. High concentrations of manganese 
in the soil have been observed to be toxic to plant growth by Ewell (7), Lindsey 
(23), Kelly (21), and Guthrie and Cohen (15). On the other hand, Skinner 
and Reid (46), McHargue (26), McLean and Gilbert (29), Schreiner (44), 
Skinner (45, 38), and Willis (51) have suggested a deficiency of this element in 
certain soils. 

Little is known of the r61e of manganese in plant nutrition but many theories 
have been advanced to account for its effect on plant growth. A stimulating 

1 Taken from a thesis presented to the graduate faculty of Cornell University in partial 
fulfillment of the requirements for the degree of doctor of philosophy. Published with the 
approval of the director of the North Carolina Experiment Station as paper 36 of the Journal 
Series. 

1 The author wishes to express appreciation to Prof. J. A. Biazell, under whose direction 
this investigation was conducted. 
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effect of small quantities has been reported by Nagaoka (34), Labergerie (22), 
Bertrand (1), and Molinari and Ligot (33); whereas Grandeau (14) and 
Carlier and Claussen (4) obtained no appreciable benefit from its use. Man- 
ganese has been associated with the formation of nitrogenous compounds in 
plants by Salomone (43), Olaru (36), Roscosolano (42), and Pietruszczynski 
(37). Skinner et al. (47), (46), from early investigations, were led to conclude 
that crop response from manganese was related to its effect on the oxidative 
processes of the soil. Later work by Deatrich (6) seemed to substantiate this. 
That manganese acts both as a fertilizing agent and a catalytic body was 
suggested by Boucher (3). However, the general acceptance of manganese as 
necessary for plant economy began with the wwk of McHargue (24) and the 
evidence appears conclusive with the observation by McLean (28) that a 
manganese solution forced into the leaves of chlorotic plants through the 
stomata was locally as effective as was the application of the manganese to 
the soil. 

The works of Somay (48), Masoni (30), Xeotin (35), Ricci and Barbcra (39), 
and McHargue (26) indicate that any kind of acid increases the solubility 
or availability of manganese, although only small amounts of the total man- 
ganese in soils are soluble in water. 

Iron 

The conditions governing the availability of iron have been extensively 
reported by Gile and Carrero (12), Jones and Shive (20), Maz6 (31), and Carr 
and Brewer (5), but, as shown by the work of Willis and Carrero (52), the 
solubility of iron and the amount available to plants cannot be taken as a 
certain determinant of the efficiency of iron. The hypothesis advanced by 
Hopkins and Wann (17) that iron is active only in the ionized form offers a 
very good explanation for this. 

Manganese and iron relations 

Masoni (30) found the solubility of manganese and iron similar on both acid 
and limed soils. Johnson (18), on the other hand, offers good evidence that 
inorganic iron compounds may be held so completely oxidized in the soil in 
the presence of native manganese as to be practically insoluble. Fulsutsome 
(8) obtained very httle response from either iron or manganese when used 
singly, but obtained marked effect upon grow'th from joint applications. 

A deficiency of any one of several elements will result in the failure of plants 
to develop a normal green color (32). Such an iron chlorosis has been reported 
by Gile (10, 11, 13) and by Johnson (18, 19); a chlorosis on heavily limed soils 
apparently associated with manganese deficiency has been observed by 
Hartwell (16), McLean and Gilbert (29), Gilbert, McLean, and Hardin (9), 
and Zimmerley (53). 

The conflicting results obtained from the use of manganese and iron indicate 
that a response from these elements when applied to the soil can only be 
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expected under certain conditions, and that a chlorosis of plants may be due to 
a deficiency of either. In some of the tropical soils iron seems to be deficient, 
but in the Atlantic Coastal Plain the chlorotic condition of certain plants 
grown on the naturally calcareous soils and those receiving large applications of 
calcitic or dolomitic lime is apparently due to a manganese deficiency. This 
investigation was therefore undertaken to determine the availability of man- 
ganese and of iron as affected by applications of calcium and magnesium 
carbonates to the soil. 

SOLUBILITY OF MANGANESE AND OF IRON IN DUNKIRK AND DUNBAR SOILS 

Carr and Brewer (5) have shown that the solubility of manganese and iron in 
solution decreases as the H-ion concentration of the solution is decreased. 
It cannot be assumed, however, that the solubility in soils will be the same 
as in solutions. This experiment was made to determine the solubility of 
these* elements in soils as affected by applications of calcium and magnesium 
carlnmates. 

Water-soluble iron atui manganese in Dunkirk gravelly sandy loam 

On February 23, 1928, air-dry Dunkirk gravelly sandy loam soil was pulver- 
ized and all rocks and roots were removed. Four kilograms of this soil was 
then thoroughly mixed and put into 1-gallon glazed pots. Duplicate pots 
were treated with equivalent amounts of calcium and magnesium carbonates 
varying in increments of 1 ,000 jxrnnds from 0 to 10, 000 pounds an acre. 

The moisture content of this soil was maintained at 10 per cent of the air-dry 
weight with distilled water until June 9, when samples were taken representing 
each treatment, and H-ion concentration determinations were made by the 
quinhydmne method. A sample equivalent to 1,000 gm. of soil on an air-dry 
basis was also taken for the determination of water-soluble iron and manganese. 
Each of these samples was placed in an 8-liter glass bottle and agitated with 
5,000 cc. of distilled w ater at regular intervals for 48 hours. The solution was 
then filtered through paper and 4,000 cc. of the filtrate evaporated to dryness 
over steam. The residue was twice taken up with concentrated nitric add 
and evaporated to dryness. A 10-cc. aliquot of this soil extract concentrate 
was used for the determination of iron by the thiocyanate method as described 
in the Bureau of Soils Bulletin 31, 1926. 

Twenty-five cubic centimeters of the soil extract concentrate was used for 
the determination of manganese by the periodate method of Willard and 
Greathouse (50) with minor modifications. Considerable difficulty was 
experienced in developing the permanganate color in the soil extract concen- 
trates from soils receiving the heavier rates of application, especially of mag- 
nesium carbonate, on account of high concentrations of organic matter dis- 
solved from the soils. 

Increasing amounts of calcium and magnesium carbonates were attended by 
progressive decreases in the H-ion concentration although the two alkaline 



120 


H. B. MANN 


On The Muon Concentration 



On The Solubility Of Manganese 



Flo. 1 . Effect of Applications of Calcium and Magnesium Carbonates to Dunkirk 

Gravelly Sandy Loam 





AVAILABILITY OF MANGANESE AND IRON 


121 


agents were not equally effective in this respect, the differences being clearly 
shown by the H-ion concentration curves in figure 1. When the increments in 
pH are plotted as arithmetical rather than logarithmic values, the decrease in 
acidity with increase in calcium carbonate is approximately uniform, up to the 
6,000-pound application, at a pH of 7.67 with minimum H-ion concentration 
of pH 7.8, reached with the 7,000-pound rate. 

Increases in pH w ith increased magnesium carbonate were also uniform to 
about pH 7.19, w hich was reached with the rate equivalent to 5,000 pounds of 
calcium carbonate. Greater rates of application increased the pH up to the 
maximum at the 10,000-pound equivalent rate. 

The effect of liming on the solubility of soil manganese was practically inde- 
pendent of the materials used As show n by the manganese solubility curves 
in figure 1, there was a rapid and uniform decrease in solubility from the 
unlimed soil to the 2, 000-pound rate of application, at a pH of about 6.2, with 
a gradual decrease to the 4,000-pound rate, at approximate neutrality. No 
manganese was found in extracts of the soil receiving more than 5,000 pounds 
of calcium carlxmate or its equivalent in magnesium carbonate. Failure to 
show traces of manganese at the high rates was probably due to limitations of 
the analytical method. 

In contrast to the regularity of the solubility curve for manganese is that 
for iron (figure 1). With the calcium carbonate treatments there is a sharp 
increase in solubility of iron up to a maximum concentration of 8.44 p.p.m. of 
soil at the 2,(KK*-pound rate of application. Thereafter there is a gradual 
decrease in solubility to a virtual minimum at the 6,000-pound rate. With the 
magnesium carbonate treatments there is an increase in solubility to a maxi- 
mum of 11.15 p.p.m., at the 8,(XX)-pound equivalent rate, followed by a sharp 
decrease at the higher rates. 

Obviously there is no simple relation betw een solubility of iron and reaction, 
or rate of liming, as was the case w ith manganese, nor is there a similarity be- 
tween the effects of calcium and magnesium carbonates. 

The shape of the solubility curve suggests the influence of tw^o factors having 
opposite effects on the solubility of iron. One of these is probably the reaction 
tendency of the soil toward precipitation at the lower H-ion concentration, 
w hereas the other may well be the increased solubility of iron in combination 
with the organic matter observed in the soil extracts at the higher rates of 
liming. The observation that greater amounts of organic matter appeared to 
be dissolved by the magnesium carbonate treatment would explain the diver- 
gence between the solubility curves with the calcium and the magnesium car- 
bonates. 

Water-soluble irofi and manganese in Dunbar fine sandy loam 

The soil used for this investigation was taken from an unfertilized and 
unlimed plat in a fertilizer experiment which had been conducted on the 
Pender County Branch Station Farm for 15 years. The soybeans grown in a 
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3-year rotation showed, on the limed end of the plat, a characteristic chlorotic 
condition of the upper leaves whereas those on the unlimed end were of normal 
green color. 

On October 10, 1928, 4,000 gm. of this soil in air-dry condition was treated 
with equivalent amounts of calcium and magnesium carbonates varying from 
0 to 10,000 pounds an acre and put into clean 1 -gallon glazed pots. These 
potted soils were brought up to 10 per cent moisture with distilled water and 
maintained at this moisture content for approximately three months. 

On January IS, 1929, samples were taken from each pot for the determination 
of water-soluble iron, manganese, and H-ion concentration. The H-ion 
concentration was determined by the quinhydrone electrode method, as in the 
case of the Dunkirk soil, and the soil extract for the determination of w'ater- 
soluble iron and manganese obtained and concentrated as before. 

For the determination of iron the colorimetric method of Stokes and Cain 
(49) was used, as it gave more consistent results than the method used with the 
Dunkirk soil. Colors were compared in a Bosch and Lomb colorimeter with 
standards of nearly equal concentration. For the determination of water- 
soluble manganese it was found that digestion with a small amount of sulfuric 
acid and potassium chlorate destroyed all traces of organic matter, permitting 
a more satisfactory development of color in the extracts of the heavily limed 
soils. Otherwise the method of analysis was essentially the same as with the 
Dunkirk soil. Treatments and analytical data are presented graphically in 
figure 2. 

As with the Dunkirk soil, increases in the rate of liming progressively de- 
creased the H-ion concentration, and the rate of decrease was uniform for both 
calcium and magnesium carbonates up to the 1,500-pound rate. From this 
point the rate of increase, as shown by the H-ion concentration curves in 
figure 2, was less rapid with magnesium carbonate, and no maximum was 
reached with the latter material at the heaviest rate of application, giving a 
pH of 7.4. 

Increased rates of application of calcium carbonate uniformly increased the 
pH values up to the 5,000-pound rate and an approximate minimum H-ion 
concentration was reached at the 10,000-pound rate, with a pH of 7,53. 

With allowances for the greater initial acidity of the Dunbar soil there is a 
striking similarity in the reaction curves of the two soils as regards both the 
calcium and magnesium carbonates. Calcium carbonate equivalent to 3,500 
pounds an acre was required to raise the pH of the Dunbar soil from 5 to 7, 
whereas 4,000 pounds was required by the Dunkirk soil, indicating a slightly 
greater buffer value for the latter. Manganese was distinctly more soluble in 
the Dunbar than in the Dunkirk soil, both unlimed, as would be expected on 
account of the greater acidity of the Dunbar soil. The decrease in the 
solubility with increased rates of liming was much the sharper with the Dunbar 
soil. Probably on account of improved technique, determinable amounts of 
manganese were found in the Dunbar soil even at the heaviest rate of liming. 
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The effects of calcium and magnesium carbonates on the solubility of man- 
ganese were identical, as is shown in figure 2. 

There was a very sharp increase in the solubility of iron resulting from the 
addition of lime to the acid soil. As shown in figure 2, by the solubility curves 
for iron, this reached a maximum with calcium carbonate at the 1,500-pound 
rate, beyond which there was a decrease in solubility. At the 6,000-pound rate 
the solubility of iron was the same as that of the unlimed soil and the minimum 
was reached at the 10,000-pound rate of liming. 

With magnesium carbonate the maximum solubility was found wdth the 
1,000-pound equivalent rate of application, with a gradual decrease in solu- 
bility from this point with increasing rates of application. The minimum 
solubility of iron with magnesium carbonate did not, however, become as low 
as that of unlimed soil. 

The solubility curves for iron in the Dunkirk and Dunbar soils have some 
striking similarities. There is a sharp increase in solubility following the 
application of lime with maxima reached at less than the maximum pH value. 
The increase in solubility was better sustained with the greater amounts of 
magnesium carbonate than with calcium carbonate. This hitherto unnoted 
behavior of iron as affected by liming is apparently common to soils of widely 
differing characteristics and involves a principle not evident from the data at 
hand, although the influence of liming on the solubility of the soil organic 
matter seems to be a pertinent observation. 

EFFECT OF CALCIUM AND MAGNESIUM CARBONATES ON GROWTH AND COMPOSITION 

OF SOYBEANS 

The use* of large amounts of dolomitic limestone for tobacco and of both 
calcitic and dolomitic limestone for peanuts and other crops on some of the 
dark, sandy, poorly drained soils of the Atlantic Coastal Plain has frequently 
produced a chlorotic condition of succeeding soybean and other crops. Hence 
this experiment was made to determine the effect of varying applications of 
calcium and magnesium carbonates on growth and on the manganese and iron 
content of soybeans. 

On October 10, 1928, gallon glazed pots were set up in triplicate with Dunbar 
fine sandy loam, as used for solubility determinations, and maintained at 10 
per cent moisture until January 8, 1929, when 11 soybean seeds of uniform 
size and color were planted in each pot. The moisture content of the soil was 
raised to 20 per cent of the air-dry weight and maintained at this content 
throughout the growing period. 

Notes taken on January 15 indicated no injury to germination from applica- 
tions of calcium carbonate even at the maximum rate. A delayed germination 
was noted, however, on the pots receiving high applications of magnesium 
carbbnate. Observations 3 days later showed no injury to seedlings from the 
use of calcium carbonate, but applications of magnesium carbonate above 4,000 
pounds greatly reduced the vitality of the seedlings, those growing in pots 
receiving the highest amounts dying before the first leaves developed. 
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On January 20, the beans were thinned to 8 plants in each pot. When these 
were about 4 weeks old a chlorosis appeared on the lower leaves of all plants 
receiving applications of calcium carbonate greater than 5,000 pounds an 
acre, the severity of the chlorosis increasing with the higher rates of applica- 
tion. This symptom, being more pronounced on the lower leaves, did not 
resemble manganese deficiency chlorosis but may have been due to a magnesium 
deficiency resulting from the excessive applications of lime. Plate 1, figure 1 
illustrates a typical case of this condition. 

The decrease in vitality from heavy applications of magnesium carbonate 
observed when the beans were in the seedling stage increased with the age of 
the beans, those growing in pots representing treatments 18, 19, and 20 finally 
dying. As the young leaves developed on these plants they turned brown 
around the edge, dried, and dropped off. This injury w*as slight on treatment 
15, but increased with magnesium applications. 

Because this soil had no fertilization in the field for 15 years, the plants in 
the pots made limited growth. Therefore when the pods were about half 
grown and no chlorosis had developed that could be definitely distinguished as 
due to a deficiency of manganese, two of the series were cut and the roots 
removed from the soil. One series was fertilized with a solution of one-half 
gram of ammonium phosphate and one-half gram of potassium phosphate to 
each pot. The second series w*as not fertilized. These pots were replanted 
with soybeans as has been reported previously. 

The third series, which was allowed to grow’ to maturity, gave no indication 
of a manganese or iron deficiency. The plants of the replanted pots reacted to 
the calcium and magnesium carbonate treatments in the early stages of growth 
as did those of the first crop, but the fertilized series made a more vigorous 
growth than did the unfertilized. When the plants were about half grown, 
those receiving applications of calcium carbonate above 6,000 pounds on both 
fertilized and unfertilized series began to show’ a chlorotic condition of the 
upper leaves indicative of a manganese deficiency. This diagnosis was con- 
firmed when a green color devclofxxi a few days after the chlorotic leaflets were 
dipped into a 1-1000 solution of manganese sulfate. The magnesium carbon- 
ate treatments did not produce a distinct case of chlorosis, probably because 
the heavy applications were very injurious, no soybeans surviving on treat- 
ments 18, 19, and 20. The increased chlorotic condition with increasing 
calcium carbonate applications is shown in figure 2 of plate 1 . Plate 1 , figure 3 
shows the effect of the magnesium carbonate treatments at the same age. 

On June 17, after the pods had formed, the soybeans were cut and sacked 
separately with the leaves which had fallen from the respective plants. The 
entire crop from each pot constituted the sample for analysis. The oven-dry 
weight was obtained by drying for 72 hours at 100°C. The samples were then 
thoroughly charred at low' red heat, moistened with 5 cc. 1-1 nitric add and 
evaporated nearly to dryness over a steam bath. The char was then taken up 
with 1-9 hot nitric acid, transferred to a filter, and washed with 100 cc. of the 
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hot nitric acid. The residue and filter paper were burned to a white ash and 
mixed with the filtrate, which was evaporated nearly to dryness before being 
made up to 100 cc. with 1-9 nitric acid. For the determination of manganese, 
25-cc. aliquots were taken, and for iron 10-cc. aliquots. As in previous analy- 
tical work, the Stokes and Cain (49) method was used for the determination 
of iron, and the Willard and Greathouse (50) method for manganese. In 
table 1 are presented the results obtained for the fertilized series. 


TABLE 1 

Results with soybeans fertilized and grown on soils treated with CaCCh and AfgCOt 


POT 

NUMBEB 

CaOOj 

DBY 
WEIGHT 
OF PLANT 

MANGANESE CONTENT OF 
PLANTS 
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Fc 
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nation 

Average 
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determi- 
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l 

! 
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0 
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1 
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10.83 ; 

76 9 
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2 18 

2 
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1.83 

3 
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4 
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5 
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7 
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13 1 
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256 8 j 

256 8 
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31.3 | 
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1 67 
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20 0 j 
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222 8 
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Pots 18, 19, and 20, receiving 5,040 pounds, 6,720 pounds, and 8, 400 pounds of MgCOi, 
respectively, prod :ced no growth. 


Liming at moderate rates with both calcium and magnesium carbonates 
increased the yield. More than the 3,000-j>ound rate resulted in a slight 
decrease with the calcium carbonate and distinct evidences of toxicity with the 
magnesium carbonate. The amoun t of manganese in the plants decreased very 
rapidly with increased applications of calcium and magnesium carbonates to 
the soil. An examination of the data shows that the manganese content of the 
plants follows a curve very similar to the solubility curve for the soil. 

It seems from these results that the manganese content of plants might, 
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under certain conditions, be as accurate an index of the available manganese 
in the soil as is the water-soluble manganese in the soil extract. The total 
amount of manganese removed by each pot decreased as the applications of 
calcium and magnesium were increased, except in the case of check no. 2, on 
which the beans made only a very slight growth. 

The iron content of the soybeans varied little with the different liming 
treatments, and no correlation was evident between the iron content of plants 


TABLE 2 

Results unth soybeans unfertilized and grcruw on soils treated unth CaCO% and M gCOi 
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Pots JK, 10, and 20, ret riving 5,040 pounds, 6,720 pounds, and S,400 pounds of MgCO*, 
produced no growth. 


and calcium or magnesium carbonate applications. The evidence for a 
manganese deficiency as a cause of the chlorosis, which was shown by the 
recovery when the chlorotic leaflets were dipped into a manganese solution, is 
supported by the analytical data, since the chlorotic plants contained as much 
iron as but less manganese than the green plants. 

Results with soybeans grown on the unfertilized series are given in table 2. 
The yields were only about half as great as in the fertilized series, and no 
distinct increases were made as a result of liming. The manganese content 
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of the soybeans representing the various treatments was very similar in 
respect to the amount absorbed and the effect of liming to those obtained on 
the fertilized series. No correlation was evident between the iron content of 
the soybeans and calcium or magnesium carbonate applications. Again it 
appears that the chlorosis on these soils could not have been due to a deficiency 
of iron, since the chlorotic plants contained as high a percentage of iron as the 
green plants. 

CAUSE AND CONTROL OF CHLOROSIS OF SOYBEANS ON LIMED SOILS 

In connection with the study of the solubility of soil manganese and iron it 
seemed advisable to examine some of the evidences of response of plants to 
compounds of these two elements. Soybeans were chosen as test plants be- 
cause of their known susceptibility to both iron- and manganese-deficiency 
chlorosis. 

Four thousand grams of air-dry Coxville sandy loam soil was weighed in 
gallon glazed pots and planted with Mammoth Yellow soybean seed. This 
soil though normally acid had been heavily limed to t pH of 8.4 and had 
produced chlorotic soybeans in the field. The seedlings were thinned to eight 
plants and grown under uniform conditions, for three weeks, by which time 
the apical leaves of all plants were chlorotic. These soybeans were used for 
the following experiments. 

Effect of fertilization on grcnvth and composition of soybeans 

Ten cubic centimeters of a one part per hundred solution each of MnSO*, 
FeStb, and MgS0 4 was applied separately to duplicate pots of uniformly 
chlorotic soybeans. After seven days the soybeans fertilized with MnSO« were 
decidedly greener than those receiving the other treatments. The resjjonsc to 
these treatments three weeks after the applications were made is shown in 
plate 2, figure 1. The plants receiving manganese had developed much larger 
and greener leaves than those in any of the other pots, whereas the pots receiv- 
ing magnesia and iron were somewhat greener than the check, indicating a 
slight response from these materials. 

Analyses of the chemicals used for this investigation showed that the man- 
ganese sulfate contained considerable iron and that the iron sulfate gave a 
distinct test for manganese, whereas the magnesium sulfate contained only 
very slight traces of either. For this reason it was decided to repeat the experi- 
ment using purer sources of iron, manganese, and magnesium and including 
several additional elements. 

Using the same cultural methods as before, 10 cc. of a one part per thousand 
solution of each of manganese sulfate (iron-free), iron sulfate (manganese-free), 
iron citrate, iron tartrate, copper sulfate, barium chloride, and magnesium 
sulfate was applied to uniformly chlorotic pots of soybeans. Five days after 
the treatment the beans treated with manganese sulfate were distinctly greener 
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than any of the others, which showed no improvement in comparison with the 
controls. All plants were allowed to grow until pods began to form. 

The beans from a check pot and those treated with iron chloride, iron citrate, 
and manganese sulfate were cut and the manganese and iron contents deter- 
mined. The methods used for the determination of iron and manganese were 
the same as those used for the soybean plants, the Stokes and Cain (49) 
colorimetric method being used for iron determinations and the periodate 
method of Willard and Greathouse (50) for the determination of manganese. 
Minor modifications of both were made to adapt them to the materials ana- 
lysed. Results are presented in table 3. 

It will be noted from this table that the plants treated with manganese 
sulfate made nearly twice as much growth as any of the others. No significant 
increase in growth was evident from either of the iron treatments over the 
check. The plants treated with manganese had approximately twice the 
manganese content of either the check or iron-treated plants, and removed over 
three times as much from the soil, whereas the iron removed by each pot was 

table 

Manganese and iren contained in soybeans fertilized with manganese and with iron 
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nearly the same for all treatments. The lower content of iron in the plants 
receiving manganese seems, therefore, to have been due to the increased growth 
resulting from the treatment, although there may have been some decrease in 
the amount of available iron as a result of the manganese addition. 

Treatments on the foliage as a corrective oj chlorosis 

The increased growth and recovery from chlorosis of the plants receiving 
manganese would establish the fact of a deficiency of that element in the soil 
if it were not for the possibility of the manganese effect being the result of a 
secondary reaction in the soil. This possibility was investigated by spraying 
the foliage of chlorotic plants with 1-1, OCX) solutions of the same compounds as 
were added to the soil, precautions being taken in all cases to prevent .the spray 
materials from dripping onto the soil. As shown in plate 2, figure 2, the 
manganese sulfate as a spray was as effective in overcoming the chlorosis as 
when applied to the soil and, similarly, no response was noted from any of the 
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other materials. The evidence appears conclusive that the chlorosis observed 
is specifically due to manganese deficiency. 

A more striking demonstration of this method of showing nutrient deficiencies 
was made by dipping the center leaflets of chlorotic leaves into the solutions 
tested as sprays on the foliage. The response is illustrated in plate 3. This 
method permits of the testing of several elements on a few plants, with un- 
treated leaflets of each leaf serving as controls. 

The method is probably limited to those elements required by plants in 
almost infinitesimal amounts. The corrective effect of manganese solutions 
applied to the leaves is evident at dilutions as great as one part of manganese 
sulfate in 100,000 of water (PI. 4, fig. 1). The recovery of green color by 
chlorotic leaves following the application of manganese to the foliage was 
prompt, a response having been noted within 24 hours. 

Severely chlorotic plants are characterized as having the lower leaves per- 
sistently green while the apical leaves are small and yellow. The function of 
manganese applied to the leaves appears to be local rather than systemic, for 
single leaflets, dwarfed by the deficiency, were brought to normal color and size 
by dipping into a manganese solution (PL 4, fig. 2). 

SUMMARY 

Calcium and magnesium carbonates added to Dunkirk gravelly sandy loam 
in pots decreased acidity. Both carbonates affected the reaction equally at 
the lower rates of application, but the magnesium carbonate was less effective 
at the higher rate. 

Liming decreased the solubility of soil manganese, the rate being rapid with 
the smaller applications. Manganese became relatively insoluble with appli- 
cations above 5,000 pounds an acre. 

The solubility of iron was increased by moderate liming but decreased at 
the higher rates. The increase was better sustained with magnesium carbonate 
than with calcium carbonate and the minimum solubility with the former was 
never less than that in the unlimed soil The increase in solubility of iron 
consequent to liming may be due to combination of iron with the soluble organic 
constituents of the soil dissolved by lime. 

With Dunbar fine sandy loam the response to liming was similar to that with 
Dunkirk soil. The Dunbar soil was the more acid and was less well buffered. 
Manganese was more soluble but more readily precipitated, although some 
manganese was soluble at the maximum rate of liming. 

Solubility curves for iron had the same characteristics in both soils with 
maxima at low rates of liming and indicated a greater solubility with mag- 
nesium carbonate at the higher rates. 

Soybeans grown in pots of the Dunbar soil with calcium or magnesium car- 
bonate and with fertilization responded to moderate liming. Heavy applica- 
tions of calcium carbonate decreased the yields from the maximum whereas 
the larger amounts of magnesium carbonate were toxic. 
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The manganese absorbed by the plants exhibited a curve closely following 
that of the solubility of manganese in the soil and showing the manganese to be 
largely precipitated, and absorption decreased at the point of maximum yield. 

No significant differences were found in the effects of liming on iron ab- 
sorption. 

Unfertilized plants on this soil made less growth and gave no response to lime 
other than a change in the color of the foliage, and that due to the toxic effect 
of heavy applications of magnesium carbonate. The effect of liming on the 
absorption of manganese and iron was similar to that with the fertilized plants. 

A chlorosis of soybeans that had been observed in the field on limed soils 
was reproduced in pots on a Coxville sandy loam limed to pH 8.4. This chlo- 
rosis, typified as being more severe at the apex of the plant, was remedied by 
applications of manganese sulfate either to the soil or to the chlorotic leaves 
as a spray. Very dilute solutions were effective when applied directly to the 
foliage. Iron, magnesium, copper, and barium salts applied to the soil or to 
the foliage, were without effect on the chlorosis. Diagnosis of manganese- 
deficiency chlorosis on soybeans is very effectively made by observing the 
reponse after one leaflet of a leaf was dipped into a manganese solution. 

Manganese-deficiency chlorosis is not a systemic deficiency, as localized 
applications of manganese salts result in complete recovery of the part both in 
color and size. 


CONCLUSION 

The solubility o f iron and manganese in soils, the iron and manganese con- 
tained in plants, and the response from applications of various salts to the soil 
and on the foliage of plants indicate that the chlorosis of soybeans grown on 
certain heavily limed soils is not associated with a deficiency of iron, but is 
specifically due to a deficiency of manganese. 
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PLATE 1 

Effects of Calcium and Magnesium Carbonates on Soybeans 

Fig. 1. A chlorosis of soybeans, severe on the lower leaves, consequent to heavy applica- 
tions of calcium carbonate. 

Fig. 2. Effect of applications of calcium carbonate on growth and color of soybeans. 

Fig. 3. Effect of applications of magnesium carbonate on growth and color of soybeans. 
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PLATE 2 

Effect ok Pi utilizers \nd Sprays on Chlorotic So\nr\.\s 

Fig. 1. Chlorotic Soybean* fertilized with manganese sulfate, iron sulfate, and mag- 
nesium sulfate. 

Fig. 2. Chlorotic soybeans sprayed with manganese and iron. 
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PLATE S 

Effect of Dipping the Center Leaflet of Chlorotic Sown \\ Li wks into Solctions 

vs Indicated 
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PLATE 4 

Effect of Manowese Sclfatf, ox Chlorotic Sovm vx Lfwes 

Fig. 1. Effect of dipping the center leallet of chlorotic soybean leaves into different i onccn- 
trations of manganese sulfate. 

Etc. 2. Response of young chlorotic soybean leaflets to dipping into a 1-1,000 solution of 
manganese sulfate. 
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It has been shown in a previous contribution (6) that the environmental 
conditions, such as reaction, moisture supply, and aeration, play an important 
rfile in the decomposition of various complex organic materials of plant origin. 
These conditions are influential in modifying the nature of the microorganisms 
taking an active part in the decomposition processes as well as the amount and 
extent of the organic complex as a whole, and its individual chemical constit- 
uents in particular. If the decomposition takes place under aerobic condi- 
tions, with a sufficient supply of air and an optimum moisture and tempera- 
ture, the reduction in the sugars, celluloses, hemicelluloses, fats, and proteins 
accounts for most of the plant materials that have disappeared. The lignins 
are much more resistant to decomposition than the polysaccharides and pro- 
teins and tend to accumulate; however, this resistance is relative rather than 
absolute in nature. When the plant material has a low nitrogen content, its 
decomposition is found to be accompanied by a relative and absolute increase 
in the protein or organic nitrogen content, due to the synthesizing activities of 
the microorganisms. These organisms derive their energy principally from the 
decomposition of the celluloses and hemicelluloses. As a result of this, the 
addition of inorganic nitrogen salts to plant materials poor in nitrogen and rich 
in polysaccharides will favor its breakdown by microorganisms. 

Even after a considerable period of time (one to two years), a certain residue 
is left as a result of the decomposition of the plant materials under aerobic 
conditions at an optimum temperature and moisture. This residue has all the 
properties of the soil “humus.” It is made up chiefly of lignins or modified 
lignin complexes, of proteins and other organic nitrogenous complexes largely 
of microbial origin, of hemicelluloses partly of plant and partly of microbial 
origin, and of various substances in the process of decomposition or resulting 
from the decomposition of the plant constituents. This “humus” is not in a 
state of equilibrium but undergoes constant change in chemical composition. 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 
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A large part is soluble in alkali, giving a dark pigment, and is reprecipitated by 
acids, thus having the properties of the “humic acids” of the soil. 

To demonstrate the possible differences that may result from the decomposi- 
tion of organic substances under aerobic and anaerobic conditions, the following 
illustrations may be cited: 

When celluloses are decomposed under aerobic conditions by bacteria, fungi, or actino- 
myces, they do not yield any organic acids or alcohols, but they result in a more or less com- 
plete destruction of the polysaccharide with the liberation of considerable quantities of 
carbon dioxide; from 20 to 30 per cent of the energy may be utilized for the synthesis of 
microbial cell substance, rich in organic nitrogenous complexes, such as proteins, and of 
hcmicelluloses and other extra-cellular and intra-cellular products of microbial metabolism 
(2). Whether the slimy substances produced are synthesized hemicelluloses or intermediary 
oxycelluloses (11) still remains to be determined. However, when celluloses are decomposed 
by bacteria under anaerobic conditions, large quantities of organic acids arc produced (3, 4, 7). 

Under natural aerobic conditions, as in aerated fields or loosely kept manure piles, there is a 
continuous destruction of organic matter even where large quantities of plant residues are 
added to the soil every year. However, under anaerobic conditions, as in both acid and 
neutral peat bogs, there is a continuous accumulation of organic matter, the amount of decom- 
position being less than the yearly addition of the organic matter by natural vegetation. 

Although certain initial processes of decomposition may well go on under anaerobic condi- 
tions, as in sewage tanks, for the complete disintegration of the organic residues, proper aera- 
tion is required. 

In a study made on the decomposition of immature oak leaves under aerobic and anaerobic 
conditions (10), it was shown that when the leaf material was saturated with water, the cellu- 
loses and hemicelluloses were decomposed much more slowly than when the material was under 
aerobic conditions; the fats and waxes were much more resistant to decomposition and the 
lignins were preserved almost quantitatively, whereas the protein content of the anaerobic 
material was considerably greater than that of the aerobic compost because of the greater 
decomposition of the proteins and losses of the nitrogen in the form of ammonia in the aerobic 
compost. 

These few examples are sufficient to illustrate the differences that may be 
expected from a comparative study of the decomposition of organic substances 
under aerobic and anaerobic conditions. They will probably tend to throw 
some light upon the differences in the nature of organic matter in aerated soil 
and in peat bogs, if such a difference exists at all. 

In order to determine to what extent the decomposition processes are in- 
fluenced by a change in environmental conditions, a series of experiments were 
outlined in which the material undergoing decomposition was saturated with 
water to exclude the free admission of oxygen. Under these conditions, the 
fungi, most actinomyces, and many aerobic bacteria are excluded, except at the 
very surface of the material, which is in contact with air. The anaerobic and 
facultative anaerobic bacteria are largely concerned in the decomposition of the 
various chemical plant constituents under these conditions. To bring about 
anaerobic conditions, it is not necessary to exclude the air completely. It is 
sufficient to cover the plant material undergoing decomposition completely 
with water, thus reducing the oxygen tension sufficiently to favor the develop- 
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ment of anaerobic organisms and make conditions unfavorable for the strict 
aerobic forms. 

Five different plant materials, the same as those used in the aerobic decompo- 
sition study reported previously (6), were selected for this study; namely, (a) 
mature com stalks and leaves, ( b ) rye straw, (c) mature yellow oak leaves, 
freshly fallen to the ground, (d) mature alfalfa plants, freshly harvested, (e) the 
green, growing portion of sphagnum plants, consisting largely of Sph . acuti- 
folium. These plant materials were chopped into small pieces and sufficient 
quantities placed in large glazed earthenware pots to give 200 to 300 gm. of the 
dry plant substance for each pot. The material was then saturated with 
distilled water, an excess of tree water always being present on the surface of 
the decomposing mixture. All the pots were then inoculated with a suspension 
of fresh garden soil, covered with plates, and incubated at 25 to 28°C. 

At various intervals of time, the contents of each pot were removed and 
weighed, the liquid being measured separately; several aliquot portions of the 
material were then removed from both the solid and liquid portions for the 
various analyses. Some of the determinations; namely, ammonia, total nitro- 
gen, total dry matter, and water-soluble substances, were made on the fresh 
portions of material; but the complete analyses were carried out with samples 
which had previously dried enough to remove the excess of water. 

The methods of analyses were those previously described (9), with certain 
slight modifications. The results were calculated on the basis of the percentage 
of the residual material as well as on the total original material, allowance being 
made for the samples removed at different times. In other words, the results 
are reported in two ways: 1. On the percentage basis of the material left after 
various periods of decomposition; this enables one to determine the relative 
changes in the concentration of the various chemical constituents with the 
progress of decomposition; it also tends to show the progressive formation of the 
so-called “humus” material, or substances left and those newly formed with the 
advance of decomposition of various plants. 2. On the basis of the total con- 
centration of the various chemical complexes in the original and in the decom- 
posed material; these data help to visualize even more rapidly the nature of the 
transformation of the plant material, considered from the point of view of the 
various chemical complexes that go into its make-up. In dealing with a rela- 
tively small quantity of material, the removal of samples at the various periods 
will involve certain errors in the calculation of the total and relative composi- 
tion of the residue, unless careful record is kept of the amounts removed at the 
various periods. 

ANAEROBIC DECOMPOSITION OF CORN STALKS, RYE STRAW, AND OAK LEAVES 

The corn stalks used in these experiments were rich in water-soluble sub- 
stances, including reducing sugars and nitrogen compounds. The organic 
matter as a whole has undergone very rapid decomposition even under anae- 
robic conditions, but the rate and extent of decomposition are much less than 
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under aerobic conditions. A comparison of the results presented in tables 1 and 
2 with those reported previously (6) on the aerobic decomposition of plant 
substances, shows that after 27 days, 20.19 per cent of the total material was 
decomposed under anaerobic conditions, whereas 36.46 per cent disappeared in 
that same period of time in the aerobic experiments. After 498 days decompo- 
sition, 38.18 per cent of the total organic matter was left in the anaerobic 

TABLE 1 


Chemical composition of corn stalks and decomposed residues , at different stages of decomposition , 

under anaerobic conditions 
On the basis of dry material 


CHEMICAL CONSTITUENTS 

ORIGINAL 

COEN 

MATERIAL AFTER DAYS OR 
INCUBATION 


27 

135 

498 

Ether-soluble 

per ceni 

1.80 

Per ceni 

1.31 

percent 

2.63 

percent 

1.78 

Water-soluble 

14.18 

7.89 

7.21 

4.71 

Hemicelluloses 

17.63 

16.76 

17.43 

16.27 

Cellulose 

29.67 

28 51 

20.40 

26.03 

Lignin 

11.28 

14.65 

15.96 

19.89 

Crude protein 

1.98 | 

3.93 

9.63 

8.94 

C Total N) 

(0.73) i 

(0.94) 

(1.79) 

(1.70) 


TABLE 2 

Total decomposition of the various chemical constituents of corn stalks , under anaerobic conditions 


MATERIAL LEFT AFTER DAYS Of DECOMPOSITION 


ORGANIC CONSTITUENTS 

ORIGINAL 

MATE* 

27 

135 

| 498 

RIAL 

Total 

residue 

Per cent 
of 

original 

Total 

residue 

Per cent 
of 

original 

Total 
residue j 

Per cent 
of 

original 

Total dry material 

gm. 

203.00 

gm. 

162.00 

79.81 

gm. 

132.50 

65.27 

tm. 

77.50 

38.18 

Ether-soluble fraction 

3.65 

2.13 

58.36 

3.48 

95.57 

1.37 

37.67 

Water-soluble fraction 

28.71 

12.78 

44.52 

9.54 

33.21 

3.65 

12.70 

Hemicelluloses 

35.79 

27.13 

75.79 

23.09 

64.50 

12.61 

35.22 

Cellulose 

60.24 

46.14 

76.60 

28.53 

47.35 

20.17 

33.48 

Lignin 

22.90 

23.73 

103.60 

21.15 

92.34 

15.42 

67.32 

Crude protein 

4.06 

6.38 

157.02 

12.77 

314.41 

6.93 

170.56 


system, and only 22.30 per cent (residual organic matter calculated on the per- 
centage basis of the original fresh plant substance) was left in the aerobic mix- 
ture after a shorter period of time, namely after 405 days. In other words, the 
aerobic decomposition of the same plant substances resulted in a considerably 
smaller residue than in the anaerobic transformation, as far as the disappear- 
ance of the organic material as a whole is concerned. 

A comparison of the disappearance of the individual chemical constituents 
under both sets of conditions, brings out even more striking differences. Of 
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the three most important groups of chemical complexes in the corn stalks and 
leaves; namely, those of the hemicelluloses, celluloses, and lignins, the following 
corresponding quantities were decomposed within 27 days under aerobic condi- 
tions: 41.07, 43.56, and 0; whereas under anaerobic conditions, the following 
corresponding amounts have disappeared in the same period of time: 24.21, 
23.40, and 0. In other words, within the first 4 weeks of decomposition, the 
complex polysaccharides decomposed twice as rapidly when air was freely 
admitted to the compost. The lignins were resistant to attack by micro- 
organisms under both sets of conditions; however, when decomposition finally 
set in, it was much slower under the anaerobic conditions than under the 


lO 



MATERIAL SOLUBLE CELLULOSES PROTIIX 

A ORIGINAL MATERIAL; B. LEFT AFTER 27 DAYS OF DECOMPOSITION ; C, LEFT AFTER 155 DAYB 
OF DECOMPOSITION; D, LEFT AFTER 496 DAYS OF DECOMPOSITION 


Fig. 1. Anaerobic Decomposition of Corn Stalks 

aerobic: 20.57 per cent of this group of complexes disappeared after 68 days in 
the aerobic system, but only 7.66 per cent of the lignins were lost after 135 days 
incubation under the anaerobic conditions; after 405 days, 42.93 per cent of the 
total original lignin material (including also the variously modified lignin com- 
plexes and their derivatives) was left in the aerobic system, whereas 67.32 per 
cent of this group of substances remained in the anaerobic system, even after 
498 days decomposition. In other words, less than a third of the lignins 
disappeared after a period of nearly a year and a half, under the most favorable 
temperature conditions. One should mention in this connection that a heavy 
growth of fungi, actinomyces, and aerobic bacteria on the surfaces of the liquid 
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covering the plant material in the anaerobic system does not exclude the 
possibility that a certain amount of the plant constituents has undergone also 
an aerobic decomposition. 

Figure 1 illustrates the gradual changes that have taken place in the process 
of transformation of com stalks when saturated with water, thus excluding a 
rapid supply of air and favoring the development of anaerobic bacteria, in 
preference to fungi, actinomyces, and facultative aerobic bacteria which could 


TABLE 3 

Chemical composition of rye straw and decomposed residues , at different stages of decomposition, 

under anaerobic conditions 
On basis of dry material 


CHEMICAL CONSTITUENTS 


Ether-soluble . 
Water-soluble . 
Hemicelluloses 

Cellulose 

Lignin. 

Crude protein. 
(Total N),... 


OUG INAL 
STRAW 

MATERIAL AFTER DAYS OF 
INCUBATION 

84 

163 

491 

Percent 

percent 

Percent 

percent 

1.84 

1.97 

1.59 

1.47 

6.26 

3.94 

3.40 

1.77 



19.48 

19.30 

38.52 


31.31 

34.81 

14.63 

14.38 

16.32 

19.28 

0.81 

1.38 

3.10 

3.82 

(0.28) 


(0.56) 

(0.61) 


TABLE 4 

Total decomposition of the various chemical constituents of rye straw , under anaerobic conditions 


MATERIAL LEFT AFTER DAYS Of DECOMPOSITION 


OROANJC CONSTITUENTS 

ORIGINAL 

MATE- 

84 

163 

491 


ToUl 

residue 

Per cent 
of 

original 

Total 

residue 

Percent 

of 

original 

Total 

residue 

per cent 
of 

original 

Total 



92.89 

gm. 

217.30 

78.48 

gm. 

181.24 

65.43 

Ether-soluble 

5.10 

5.05 

99.02 

3.53 

69.12 

2.71 

53.14 

Water-soluble 

17.34 

10.13 

58.42 

7.43 

42.82 

3.26 

18.80 

Hemicelluloses 

58.42 

52.33 

89.57 

42.19 

72.21 

34.90 

59.74 

Cellulose 

106.66 

90.14 

84.51 

68.03 

63.78 

62.92 

58.99 

Lignin 

40.51 

36.99 

91.30 

35.50 

87.63 

34.92 

86.20 

Crude protein * 

2.25 

3.59 

159.56 

6.56 

291.56 

7.05 

313.11 


develop only on the surface of the liquid. The water-soluble substances, cellu- 
loses, and hemicelluloses have decomposed more rapidly than the total organic 
matter, whereas the lignins have decomposed much more slowly; the proteins or 
complex nitrogenous organic substances have accumulated not only relatively 
but also in actual concentrations when compared with the initial concentration 
of these complexes in the fresh plant material, taken as 100 per cent. 
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Results on the rapidity of aerobic and anaerobic decomposition of rye straw, 
similar to those obtained on the decomposition of com stalks and leaves, are 
given in tables 3 and 4. Both the total and the individual chemical constit- 
uents of this plant material, with the exception of the cold-water-soluble 
substances, were found to decompose generally much more slowly than those 
of the corn stalks. Under aerobic conditions, 17 per cent of the straw decom- 
posed in 66 days and 29 per cent in 143 days, whereas, under anaerobic condi- 
tions, 7 and 21.5 per cent were decomposed in 84 and 163 days respectively. 
The three most important chemical groups; namely, the celluloses, hemicellu- 
loses, and lignins, were found to have decomposed also much more slowly under 



Fig. 2. Anaerobic Decomposition or Rye Straw 


anaerobic than under aerobic conditions. In the aerobic system, in the absence 
of nutrient salts, 46.8 per cent of the hemicelluloses, 51.3 per cent of the cellu- 
loses, and 20.3 per cent of the lignins disappeared in a period of 386 days; the 
corresponding quantities of the chemical constituents of this plant substance 
that have decomposed under anaerobic conditions were 40.3, 41.0, and 13.8 per 
cent. Figure 2 illustrates graphically the changes that have taken place in the 
anaerobic decomposition of rye straw. The water-soluble substances were 
rapidly attacked, these were followed by the celluloses and hemicelluloses. 
The lignins were very resistant, and the organic nitrogenous compounds 
rapidly accumulated. 


ISO 


FLORENCE G. TENNEY AND SELMAN A. WAKSMAN 


Hie difference in the rapidity and nature of decomposition of natural plant 
substances under the two sets of conditions is especially marked in the oak 
leaves (tables 5 and 6). More than twice as much of the total organic matter 
decomposed under aerobic conditions as under anaerobic. When the material 
was properly aerated (about 200 per cent moisture), 42.15 per cent of the total 
organic matter, 45.09 per cent of the hemicelluloses, 62.56 cellulose, and 15.03 

TABLE 5 


Chemical composition of oak leaves and decomposed residues, at different stages of decomposition, 

under anaerobic conditions 
On the basis of dry material 


CHEMICAL CONSTITUENTS 

ORIGINAL 

LEAVES 

MATERIAL AFTER DAYS OF 
DECOMPOSITION 


84 

163 

491 

Ether-soluble 

Per cent 

3.71 

Percent 

2.91 

percent 

3.33 

percent 

2.53 

Water-soluble 

13.93 

5.83 

4.49 

2.12 

Hemicelluloses 

12.93 

14.20 

13.37 

14.54 

Cellulose 

13.78 

13.49 

11.75 

13.87 

Lignin 

30.30 

33.42 

35.74 

40.32 

Crude protein 

4.25 

5.94 

MEM 

7.29 

(Total N>; 

(0.82) 

(100) 

(1.03) 

(117) 


TABLE & 

Total decomposition cf the various chemical constituents of oak leaves , under anaerobic conditions 


ORGANIC CONSTITUENTS 

ORIGINAL 

MATE- 

RIAL 

MATERIAL LEFT AFTER DAYS OF DECOMPOSITION 

84 

163 

491 

ToUl 

residue 

Per cent 
of 

original 

Total 

residue 

Per cent 
of 

original 

Total 

residue 

Per cent 
of 

original 


gm. 

gm. 


gm. 


gm. 


Total 

222.60 


91.82 





Ether-soluble 

8.27 

5.98 

72.31 

6.65 


4.56 

55.08 

Water-soluble 


11.89 

38.27 

8.94 

28.78 

3.82 


Hemicelluloses 

28.85 



27.66 

92.41 

26.19 


Celluloses 

30.73 

27.58 

89.74 

23.43 

76.25 

24.97 

81.26 

Lignins. 

67.57 

68.27 


mkmm 


72.62 


Crude proteins 

4.25 

12.17 

286.36 



13.12 



lignin disappeared in 286 days. Under anaerobic conditions, the correspond- 
ing quantities that disappeared in 491 days were 19.25, 9.23, 18.76, and 0 per 
cent The lignins in the oak leaves did not decompose at all under anaerobic 
conditions; the hemicelluloses came next in slowness of decomposition. 

The accumulation of proteins was in all cases greater under anaerobic than 
under aerobic conditions. This may be due to the more economic use of the 
nitrogen, to the smaller loss of ammonia, or to a smaller decomposition of the 
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synthesized proteins in the anaerobic system. Figure 3 shows the relatively 
marked preservation of the oak leaves, as a whole, under anaerobic conditions. 
The most marked phenomenon is the complete lack of decomposition of the 
lignins. Whether this is because the lignins of the oak leaves are of a different 
nature from those of corn stalks, since they have a higher fat and wax content, 
or because of some other factors, still remains to be determined. The much 
greater resistance of the hemicelluloses than of the celluloses in the case of this 
plant material also deserves special consideration. This is probably because 
the chemical composition of the hemicelluloses in oak leaves is quite markedly 


$ 

A 



Fig. 3. Anaerobic Decomposition of Oak Leaves 


different in the tree product from those in the corn residue or the cereal straw, 
as will be shown in a later publication. 

DECOMPOSITION OF ALFALFA PLANTS 

The alfalfa plant differed in chemical composition from the other plant 
materials, especially in its considerably higher nitrogen content. This material 
also underwent much less decomposition under anaerobic conditions than under 
aerobic. This is true not only of the total plant substance but also of the cellu- 
loses and hemicelluloses. The lignins of the alfalfa plant did not decompose at 
all in the anaerobic system within a period of 498 days, whereas in the aerobic 
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system, a marked decomposition of the lignin complexes took place, 40 per cent 
disappearing within 405 days (tables 7 and 8). 

The proteins in the alfalfa underwent an immediate and rapid decomposition 
under the aerobic conditions; since the amount of nitrogen was greater than 
that required for synthetic activities by the microorganisms that bring about 
the decomposition of the celluloses and the hemicelluloses, a large part of the 

TABLE 7 

Chemical composition of alfalfa and decomposed residues, at different stages of decomposition, under 

anaerobic conditions 
On the basis of dry material 


CHEMICAL CONSTITUENTS 

OAIOI1VAL 

ALFALFA 

MATERIAL AFTSE DAYS OF 
INCUBATION 


27 

135 

498 

Ether-soluble 

1 

Per ant 

2.37 

per cent 

3.29 

Percent 

2.17 

Water-soluble 

■yyi 

12.18 

13.63 

6.74 

Hemicelluloses 


7.69 

7.87 

8.65 

Cellulose 

26.71 

18.55 

17.96 

25.03 

Lignin 

10.78 

14.89 

18.61 

23.67 

Crude ptutapu 

8.13 

14 91 

21.44 

8.51 

(Total N)... 

(2.62) 

(3.75) 

(4.05) 

(1.89) 



TABLE 8 

Total decomposition of the various chemical constituents of alfalfa, under anaerobic conditions 




MATXtlAl LETT AFTEB DAYS OF DECOMPOSITION 



OXXC1MAL 

MATE- 

27 

135 

498 


UAL 

Total 

residue 

Per cent 
of 

original 

Total 

residue 

Per cent 
ol 

original 

Total 

residue 

Per cent 
of 

original 

Total dry material 



73.27 

ti- 
ns. 50 

57.12 

gm. 

118.00 

45.38 

Ether-soluble fraction 

7.15 

4.52 

63.15 


68.54 

2.56 

35.73 

Water-soluble fraction 

44.82 

23.19 

51.74 


45.16 

7.95 

17.74 

Hemicelluloses 

22.16 

14.66 

66.13 

11.68 

52.72 

10.20 

46.03 

Cellulose 

69.45 

35.34 


26.68 

38.41 

29.54 

42.72 

Lignin 

28.03 

28.37 

101.21 

27.64 

98.59 

27.93 

99.64 

Crude protein 

21.14 

28.40 

134.32 

31.86 

150.71 

10.04 

47.47 


nitrogen was liberated as ammonia and lost into the atmosphere. Under the 
anaerobic conditions, however, the nitrogen was largely preserved and only 
after 135 days of decomposition were any losses observed. This is brought out 
in table 9. The percentage of nitrogen in the compost at first increases, the 
total amount of nitrogen remaining constant. TTiere was, however, a drop in 
the percentage of nitrogen as well as in the total nitrogen in the compost after 
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135 days of incubation. A rapid decrease in the amount of ammonia also 
began about that time. Figure 4 shows graphically the transformation of the 
alfalfa plant constituents when allowed to decompose in a medium saturated 
with water. The decomposition of the water-soluble constituents, celluloses, 



TOTAL 

MATERIAL SOLOKS CELLULOSES 

A. OUZO I SAL MATERIAL; B. LEFT AFTER 27 LAYS OF BE COMPOSITION; C. 
or JBCOaffOtXTIOM; X>. LEFT AFTEB 4M DATS OF DC COMPOS IT 101 


CRUDE 
PROTEIN 
AFTER 13ft RATS 


Fig. 4. Transformation of Alfalfa Plant Constituents in a Water-Saturated 

Medium 


TABLE 9 


Nitrogen losses in the decomposition of alfalfa under anaerobic conditions 


FEXXOOOP 

DICOBATIOM 

N IN COMPOST 

AMMONIA N IN 
COMPOST 

RATIO OF NHi-N TO 
TOTAL N 

TOTAL N 

IN COMPOST 

days 

par cant 

par cant 

Per cant 

gm. 

0 

2.62 

0.04 

1.5 

6.81 

27 

3.75 

1.07 

28.5 

7.15 

135 

4.05 

1.09 

26.9 

6.02 

498 

1.89 

0.22 

11.6 

2.23 


and hemicelluloses is similar in a way to the other plant substances; the com- 
plete preservation of the lignins is similar to the processes in the oak leaves, but 
the transformation of the organic nitrogenous compounds is quite characteristic 
of this plant substance. 
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AEROBIC AND ANAEROBIC DECOMPOSITION OF SPHAGNUM PLANTS 

The decomposition of the sphagnum plants took place in a manner strikingly 
different from that of the other plant substances (tables 10 and 11). The 
decomposition of this material as a whole as well as of some of its chemical con- 

TABLE 10 

Chemical composition of sphagnum at different stages of decomposition under aerobic and anaerobic 

conditions 

On the basis of dry material 

| I MATERIAL LETT AFTER DECOMPOSITION 


CHEMICAL CONSTITUENTS 

ORIGINAL 

SPHAG- 

NUM 

— 

Aerobic 

Anaerobic 


163 days 

508 days 

163 days 

508 days 

Ether-soluble. 

Percent 

Ml 

per cent 

1.23 


percent 

1.46 

ptrctni 

1 50 

Water-soluble (c n M A n d hot) 

6.95 

1 95 


1 56 

0 97 

Hemicelluloses 

27.73 

28.40 

m 

imiv 

28.30 

24 70 

Cellulose 

19.21 

15.64 

16.51 

14.58 

16.11 

Lignin 

7.33 

7 43 

8 73 

8.26 

9.86 

Crude protein 

5.50 

4.81 

4.41 

5.35 

3.85 

Total N 

1.10 

1.05 

0.86 

1.06 

0.71 

NHr-N. 

0.12 ! 

0.36 

0.23 

0.28 

0.06 


TABLE 11 

Total decomposition of the various chemical constituents of sphagnum, under aerobic and anaerobic 

conditions 



ORIGI- 


MATERIAL LEFT AFTER DECOMPOSITION 



ORGANIC CONSTITUENTS 

NAL 

MATE- 


Aerobic 



Anaerobic 



KlAL 

163 days 

508 days 

163 days 

508 days 


gm. 

gm. 

percent 


percent 

gm. 

percent 

gm. 

percent 

Total 


94.55 

88.53 

mm 

71.72 


91.67 

96.60 

90.45 

Ether-soluble 

Water-soluble (cold and 

1.19 

1.16 

97.48 


68.91 

1.43 

mmi 

1.44 

121.01 

hot) 

7.42 

1.88 

25.34 

1.83 

24.59 

1.53 


0.94 

12.61 

Hemicelluloses 

VI - 



19.72 

66.58 


93.52 

23.85 

80.52 

Cellulose 


14.78 


12.64 

61.58 

14.27 

69.55 

15.56 

75.83 

Lignin 

7.83 


89.53 


85.57 



9.52 

121.58 

Crude protein 

5.87 

4.55 

77.43 

3.40 

57.84 

5.23 

89.10 

3.71 

63.21 

Total N 

1.17 


84.61 

0.66 

56.41 


88.89 

0.69| 

58.97 

NHrN 


IQ 

242.86 

0.18 

128.57 

■ . 

192.86 

0.06 

42.86 


stituents was considerably slower than that of any other plant material pre- 
viously tested; this was especially true under the anaerobic conditions, when 
less than 10 per cent of the total material disappeared within a period of 508 
days. The most interesting phenomenon in the decomposition of the sphag- 
num plants is the fact that, next to the water-soluble substances, the proteins 
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or the organic nitrogenous compounds decomposed more rapidly than any other 
group of chemical constituents, both under aerobic and anaerobic conditions. 
This is quite contrary to the observations recorded for the other plant materials, 
when the proteins gradually accumulated, frequently to a concentration several 
times greater than in the original material. Only in the case of alfalfa, with a 
very high initial nitrogen content, did the organic nitrogen content diminish 
after several weeks. In the com stalks, the initial nitrogen content of 0.73 per 
cent increased to 1.79 per cent of the residual material, after 135 days under the 



SOLUBLE LOSES 


A. ORIGINAL MATERIAL; B, LEFT AFTER 163 BATS OF DECOMPOSITION ; C. LEFT 
AFTER 506 BATS OF BECOMFOSITIOS 

Fig. 5. Aerobic Decomposition of Sphagnum Plants 


anaerobic conditions; in the oak leaves, with a rather limited total decompo- 
sition, the increase was from 0.82 to 1.17 per cent; in the sphagnum plants, 
however, under the same conditions, the nitrogen decreased from 1.17 per cent 
in the original undecomposed plants to 0.69 per cent in 508 days. 

These marked differences in the behavior of the sphagnum plants explain 
two phenomena commonly observed in peat bogs; namely, the ability of the 
sphagnum plants to grow continuously in such a poor medium as the sphagnum 
bog, especially that of the highmoor type; and the formation of large quantities 
of ammonia as a result of decomposition of sphagnum peat (5, 9). In the 
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absence of plants that are capable of assimilating the ammonia formed as a 
result of the rapid decomposition of the nitrogenous compounds, the ammonia 
will at first accumulate and then gradually be lost into the atmosphere, since 
nitrifying bacteria are unable to live in such a highly acid medium as the 
sphagnum bog represents. This is clearly shown in the figures for total and 
relative quantities of total and ammonia nitrogen (table 11). 

Next to the organic nitrogenous compounds in rapidity of decomposition of 
the various chemical constituents of the sphagnum plants came the celluloses; 


140 



total cois- jam- , cmio- worms cmoi 

material mater- «xxo- loses froth* 


SOLOBIX LOSES 

A, ORXGIKAL MATERIAL; B, TEXT AFTER 163 DAYS OF DEC0MP0SITI0B; C. LEFT 
AFTER SOS DATS OF ZBCOKPOSITIOM 

Fig. 6. Anaerobic Decomposition op Sphagnum Plants 

these were followed by the hemicelluloses. The ether-soluble substances and 
the lignins of the sphagnum plants were most resistant to decomposition. A 
certain amount of degradation of these two groups of complexes took place 
under aerobic conditions; in the anaerobic system, however, these two com- 
plexes did not decompose at all and actually increased not only relatively but 
absolutely. Whether this increase is due to an error in the experimental deter- 
mination or whether substances of a similar nature were actually synthesized 
by the microorganisms in the anaerobic system still remains to be seen. Fig- 
ures 5 and 6 illustrate the processes of transformation of the sphagnum plants 


mr cent or original 
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as a whole and of their various chemical constituents decomposing under 
aerobic and anaerobic conditions. 

To permit a comparison at a glance of the difference in the rapidity of decom- 
position of two plant materials in a compost to which air was admitted freely 
(aerobic) and one saturated with water (anaerobic), the results for corn and 
alfalfa have been redrawn in figures 7 and 8. These figures help one to visualize 
further, also, the influence of the two sets of conditions upon the decomposition 
of the various chemical complexes in the two plant materials. Although the 
total amount of decomposition of the celluloses and hemicelluloses was more 
rapid than that of the entire material, the decomposition of the lignins was 
much slower, whereas the rate of accumulation of the organic nitrogenous com- 
pounds (proteins) was at first very rapid, then gradually diminished. The 
curve for protein accumulation is just the reverse of the curves of cellulose 
and hemicellulose decomposition. They just compensate one another, the 
former being directly dependent upon the other, the synthesis of the proteins 
being a direct result of the utilization of the polysaccharides as sources of energy 
by the microorganisms. 


DISCUSSION 

Under anaerobic conditions, plant materials as a whole decompose much 
more slowly than under aerobic conditions. The difference in the rapidity of 
decomposition of the various chemical constituents is even more striking. 
This is true especially of the lignins and organic nitrogenous complexes, when 
compared with the decomposition of the celluloses and hemicelluloses. 

These results dealing with the decomposition of various plant materials under 
anaerobic conditions also explain fully the differences in the chemical composi- 
tion of lowmoor and highmoor peats or between those peats that have been 
formed from the decomposition of herbaceous (Cladium, Carex , Phragmites) 
and of woody plants, on the one hand, and peat that has been formed largely 
from sphagnum plants, on the other hand. It will be recalled (8, 9) that the 
organic matter of lowmoor peats is characterized by a high protein and lignin 
content, and by a low content of celluloses (frequently none), hemicelluloses, 
and ether-soluble substances. On the other hand, the sphagnum peats are 
characterized by a low protein and a relatively low lignin content, and by high 
amounts of celluloses, hemicelluloses, and ether-soluble substances. The 
studies reported here on the anaerobic decomposition of com stalks, rve straw, 
and oak leaves, on the one hand, and of sphagnum, on the other, readily explain 
these differences in the chemical composition of the two types of peat. The 
lowmoor peat is made up of plants in which the celluloses and hemicelluloses 
decompose rapidly while the lignins and proteins accumulate, the latter 
through the synthesizing agencies of microorganisms that use the polysac- 
charides as sources of energy. In the decomposition of sphagnum plants, low in 
lignins, in highmoors, the organic nitrogenous complexes are rapidly attacked; 
the nitrogen thereby made available cannot be utilized by microorganisms in 
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the absence of readily available sources of energy, since the polysaccharides of 
the sphagnum plants are rather resistant to decomposition. 
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It is now the consensus of opinion that in base exchange methods the soil 
chemist has an effective means for the investigation of many important soil 
problems. Procedures used by different investigators in this field have varied 
widely, even though the principles were supposed to be the same throughout. 
The writers do not intend to enumerate all the methods that have been used in 
base exchange work, or to enter into any discussion of the merits of each. The 
procedure that they have used in obtaining data published in another paper 
1 1 3) will be described and salient points discussed, both as a matter of record 
which may be of interest to those who study the data presented and in the hope 
that an account of their experience may be of some help to others who may 
desire to work along similar lines. 


AMMONIUM ACETATE AS A BASE EXCHANGE SALT 

A neutral, 2 M solution of ammonium acetate was used by Prianishnikov 
(10) for the estimation of exchangeable potassium in soil; this investigator 
considered it the most satisfactory salt for the purpose, more especially because 
it is very easily decomposed by evaporation upon the steam bath, leaving only 
a slight residue of acetamide which may be volatilized at a slightly higher 
temperature or destroyed by a digestion with aqua regia. He recommended 
further study of its use for that purpose, but no one appears to have published 
anything further on the subject until one of us pointed out the advantageous 
features of a neutral solution of ammonium acetate for the estimation of all 
exchangeable cations in soil (11). The salt is almost ideal for the purpose, 
having numerous theoretical and practical points in its favor, summarized 
bricllv as follows: 

1 . Ammonium acetate is a neutral salt, and its solutions have pronounced buffer properties 
around pH 7, as may be seen from the fact that the dissociation constants of both acid and 
base are practically equal and very small- about 1.8 X 10~ 5 at 25°C. In theory this is a very 
important point, because it means that hydrogen displaced from the unsaturated absorption 
complex of acid soils by the exchange reaction with the salt will be but slightly ionized, hence 
comparatively inactive. Because the 1 1 -ion concentration of the solution is not increased to 
any considerable extent by the accumulated product of the exchange reaction, replacement of 
Nil* from the solution for II in the absorptive complex of the soil can proceed tc a maximum. 
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A single treatment, therefore, should suffice not only for the extraction of all exchangeable 
cations but for the determination of total absorptive capacity as well. A preliminary treat- 
ment with an alkaline reagent has generally been considered essential for complete replace- 
ment of exchangeable hydrogen in preparation for the determination of total absorptive 
capacity. By the substitution of the neutral ammonium acetate for the acid-forming ammo- 
nium chloride as the agent for extraction of cations, the necessity for a pretreatment with an 
alkaline solution is avoided. It has long been known that there is danger of increasing the 
absorptive capacity of soil by a building up of base exchange complex by the action of strong 
alkali. Extraction of exchangeable bases by a solution not only neutral at the beginning, but 
with buffer properties adequate for the maintenance of neutrality has the further important 
advantage that solution of soil constituents not properly considered exchangeable, but which 
are dissolved in large amounts by the acid liberated by exchange in solutions of salts of strong 
acids, is largely or altogether avoided. The determination of “exchangeable” aluminum is an 
example. With respect to this element, it may be said that aluminum acetate is apparently 
soluble in a cold solution of ammonium acetate at pH 7, but Al(OH)i precipitates when 
wanned, and does not redissolve again. The acetate solution has no tendency to peptize 
freshly precipitated Al(OH)j, as certain other organic ammonium salts have, hence any A1 
found in an ammonium acetate extract of soil may be presumed to have entered the solution 
by true exchange. 

2. As has been mentioned, ammonium acetate is easily expelled by a simple evaporation 
during the analytical procedure. The decomposition does not require the use of any addi- 
tional reagent and is not attended by active evolution of gas to cause loss in spray; separated 
salt does not creep up the walls of the beaker during evaporation; and the solution boils quietly 
without bumping. 

3. Ammonium acetate is readily soluble in alcohol, permitting the removal by this solvent 
of the excess salt from the residue of soil, in preparation for the determination of total exchange 
capacity. Alcohol is superior to water for this purpose, as the tendency to hydrolysis of the 
ammonium absorption complex is less and alcohol also percolates through the soil more 
rapidly. It should also be practical to employ ammonium acetate in alcoholic solution as the 
extracting solution for calcareous soils, in order to minimize attack upon carbonates. 

4 . A neutral solution of ammonium acetate for base exchange work on soil is readily 
prepared from inexpensive reagents which may be obtained in high purity or easily purified to 
any required degree by redistillation. 

LEACHING AS A MEANS OF EXTRACTING EXCHANGED CATIONS 

Much of the recent work on exchangeable bases of soil has been done by 
digesting the soil with a portion of the extracting solution, filtering, and wash- 
ing with more of the same solution. The final washing process is necessary 
for the removal of an important part of the total exchangeable cations which 
is in equilibrium with the extracted cations in the portion of solution used for 
the digestion. In effect, the process is the same as a leaching. 

A point in favor of the preliminary treatment with ammonium acetate solu- 
tion is that better advantage is thereby taken of the buffer properties of the 
salt As will be understood from the discussion in a previous paragraph, in 
leaching an acid soil the exchange of hydrogen from the soil for the cation of the 
salt results in an accumulation of free acid in the solution. If this liberated 
acid is diluted by a considerable volume of ammonium acetate solution, the 
buffer properties of the latter will prevent any considerable increase in the 
H-ion concentration of the solution. On the other hand, in leaching an acid 
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soil the first portion of solution to pass through has acted upon successive 
portions of fresh soil, so that the hydrogen exchange will have been pushed to 
the limit and the reaction of the first few drops of solution may be as acid as 
that of the soil. No doubt this action is responsible for some attack upon 
minerals and solution of non-exchangeable bases, but it does not seem likely 
that it would ever lead to any great error with an acetate solution. All the 
work reported by the writers has been done by a leaching procedure, without 
preliminary digestion. The principal reason for this choice was that the simple 
leaching can be accomplished with minimum exposure to the atmosphere, which 
is best avoided on account of the possible effect upon the determination of 
hydrogen exchanged and ammonium absorbed by the soil. Absorption of CO* 
by the solution or loss of NH* from the soil was considered a factor of greater 
importance than a possible slight increase in amount of some cations extracted 
from the soil. 

If many samples are to be examined, the simple leaching procedure requires 
less time and labor, as a number of units can be set up and the extraction 
allowed to proceed without attention. For only one or two determinations, 
a dispersion of soil in solution with a high speed stirrer (such as a malted milk 
mixer) followed by filtration and washing on a Buchner funnel, as described by 
Baver (2), is more rapid and has been found to give practically identical results 
so far as extraction of the principal exchangeable bases is concerned. Data 
obtained by T. C. Green in this laboratory from comparisons of the two pro- 
cedures on a few samples have indicated, however, that the dispersion method 
gives considerably lower results than does the leaching method for NH* ion 
absorbed or for total absorptive capacity, so that some acid soils have been 
indicated to be over 100 per cent saturated with bases. Whether this was due 
to excessive exposure to the atmosphere during the procedure, possibly result- 
ing in loss of ammonia from the fully saturated soil, was not determined. 

There is a possibility that the long time of contact of soil w r ith solution re- 
quired by a gravity leaching procedure may result in some building up of 
exchange capacity even at pH 7, and so cause high results for exchanged hydro- 
gen and total absorptive capacity. The possibility of variation in duration 
of contact with soils differing w idely in degree of permeability is a disadvantage 
of leaching. As in the determination of other “available” soil constituents, 
the results obtained in base exchange studies depend to a considerable extent 
upon adherence to a given set of conditions. If the soil is very finely ground, 
leaching will be very slow, and higher values for most determinations wdll be 
obtained. It is a question how much of the increased action noted with 
ground soils is due to more efficient contact of solution with particles formerly 
protected in aggregates, how much is due to increase in time of action, and how 
much is due to exposure of fresh surfaces of undecomposed minerals as the re- 
sult of the grinding. 

Experiments in which 100-gm. portions of acid Wooster silt loam surface 
soil free from carbonates, air dry, and sieved through 2-mm. mesh, were leached 
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with 250, 500, 1,000, and 2,000 ml. portions of neutral N ammonium acetate 
have indicated that by the procedure about to be described practically maxi- 
mum indications for bases exchanged and exchange capacity are obtained by 
leaching with 500 ml. of the solution. The quantity regularly used has been 
750 ml., requiring 18 to 24 hours to percolate through the above described soil. 
Experience with other soils has indicated that this volume is usually sufficient, 
with the possible exception of some very heavy clay soils. The quantity of 
sample used (100 gm.) is larger than that taken by many other investigators in 
this field. Large samples were considered desirable on account of the low 
exchange capacity of our soils, and the very small amounts of the alkalies 
present. A leaching procedure is especially well adapted to work on large 
samples. Data from analyses of extracts obtained by leaching duplicate 
100-gm. samples of 2 mm. acid Wooster silt loam with 750 ml. neutral N 
ammonium acetate and chloride, respectively, are compared in table 1. The 
most significant differences are in A1 dissolved from the soil and in NH 4 absorbed 
from the solution. Exchangeable H was not determined, but from the data 

TABLE 1 

Comparison of exchangeable bases in Wooster silt loam as extracted by leaching with neutral 
ammonium acetate and chloride solutions 
Milligram-equivalents per 100 gm, air-dry soil 



Al 

Mn 

Ca 

Mg 

K 

Nft 

NH* 

absorbed 

Acetate 

m.e. 

0.16 

2.56 

m.e. 

0.12 

0.28 

m.e. 

1.16 

1.04 

m.e. 

0.32 

0.40 

m.e. 

0.1 2 
0.12 

m.e. 

0.44 

0.40 

m e. 

6 76 

3 96 

Chloride 



presented a good idea of what it should have amounted to may be formed. 
The differences between NHL* absorbed and the sum of bases other than A1 
extracted in each case indicate that the chloride leaching displaced about 1.8 
m.e. H, but the acetate leaching more than twice a£ much, 4.6 m.e. There is 
also a considerable difference in the amounts of Mn extracted by the two 
reagents. 


METHODS EMPLOYED 
Leaching Solutions 

Ammonium acetate sold as a reagent is an acid salt. The reaction of a A 
solution is usually near pH 5, indicating that there is about one mol of free 
acetic acid to two of the ammonium salt. It is less trouble to prepare a neutral 
solution from equivalent solutions of acetic acid and ammonia than to attempt 
to neutralize a solution of the crystals. Three 5-gallon bottles should be at 
hand. In the first, dilute 2,500 ml. aqua ammonia, sp. gr. 0.9, to 18 liters. 
Transfer 25 ml. of the solution with a pipette and dilute to 250 ml. in a volume- 
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trie flask. Transfer an aliquot of this to excess standard HC1 and titrate excess 
acid with 0.1 N NaOH and methyl red. Dilute the solution in the bottle to 
exactly 2 N. In a second bottle, dilute 2,100 ml. acetic acid, 99.5 per cent, to 
18 liters. Titrate an aliquot of this solution diluted in the same way with the 
same NaOH and phenolphthalein, and make the solution exactly 2 N. In 
the third bottle, mix 9 liters of each solution. If the solutions were accurately 
prepared, the mixture will be at pH 7.0. If it is desired to verify this, transfer 
100 ml. of the mixture to a 250 ml. beaker, bring to 25° C, add about 0.1 gm. 
quinhydrone and determine the reaction potent iometrically If the reaction 
is not at the desired point, add from a burette the solution required, diluted 
1 : 10, until the reaction is correct. From this titration, calculate the addition 
to the mixture to bring to the desired reaction. As the comparatively strong 
acetic acid and ammonia solutions when mixed contract about 25 ml. for 
each 2 liters, a further dilution to compensate for this will be required to make 
the solution normal. The writers have considered it desirable to have the 
leaching solution slightly alkaline in order to ensure maximum absorption of 
the ammonium ion, and have adjusted it to pH 7.07. Opinions may differ as to 
the desirability of this, but it is probably not of great importance. 

For leaching excess ammonium acetate from the soil prior to the determination 
of absorbed NH 4 , 80 per cent alcohol has been employed. This was prepared 
by mixing 16 volumes of 95 per cent ethyl alcohol (so-called '‘Cologne spirit”) 
with 5 volumes of water. As alcohol of this grade is usually slightly acid, it 
has been our practice to add sufficient ammonia to cause the color with brom- 
thymol blue to match that of the acetate solution. This neutralization with 
ammonia is considered desirable, as the removal of XH 4 from the saturated 
soil by the acid alcohol is thereby prevented and the tendency of the ammo- 
nium base absorbent complex to hydrolyze probably reduced. The actual 
amount of ammonia added is so small that it could scarcely have any noticeable 
effect in any other w r ay. 

Leaching apparatus 

Special Pyrex filter tubes 4 cm. inside diameter, 17.5 cm. long including stem 
5 cm. long have been employed as containers for the soil during percolation. 
A 40-mm. perforated porcelain plate rests on three indentations in the glass 
and is secured and made tight at the edges by means of ceresine wax or 
“Picein” 1 melted and caused to run around the joint by warming and turning 
the apparatus. A neatly cut circle of filter paper covers the holes in the plate. 
The leaching solution is delivered from and received in liter Erlenmeyers, con- 
nected with a siphon and an air return tube as showm in figure 1. A thin coat- 
ing of the cement applied to the lower part of the ta;>er on the no. 9 rubber 
stopper w'hich closes the top of the percolator is advisable as insurance against 

1 A German preparation obtainable from Wilkens-Anderson Co., Chicago. It is very well 
adapted to this use, as it melts easily, adheres to glass and porcelain, and is tough, strong, and 
resistant to alcohol. 
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any leakage at this point. To fill the percolator, the paper circle is first wetted 
and spread on the porcelain plate. The dry soil is poured in in several portions, 
each being worked down somewhat with a spatula, to reduce shrinkage when 
the solution wets the soil. The apparatus is connected, except the air return 
tube and cap for escape of air at the top of the percolator. By blowing into 
the air return tube the siphon is started, and the apparatus then closed. When 
the ammonium acetate solution has percolated, the apparatus is disconnected, 
the percolate removed, and 500 ml. alcohol passed through the soil in the same 
way, to remove ammonium acetate from the soil. 



Fig. 1 Fig. 2 

Fig. 1. Apparatus for Leaching Soil 
Fig. 2, Apparatus for Potentiometric Titration 

Exchanged hydrogen 

The determination of exchanged hydrogen should be carried out as soon as 
possible after the solution has been removed from the receiving flask. An 
800-ml. Pyrex beaker containing the percolate is placed under the apparatus 
shown in figure 2. The small vessel for the comparison electrode is made from 
a thin test tube with short tube fused to the bottom and a glass bead with tail 
ground in with carborundum powder; the ground joint serves as a salt bridge. 
The two electrodes should be cut from the same piece of platinum foil and 
fused in glass tubes, with mercury for connection to the wires leading to the 
galvanometer. The electrodes are prepared for use by heating in H2SO4-C1O1, 
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washing, and ignition in alcohol flame. When used for a succession of determi- 
nations on the same day, they may be kept in acetate solution when not in use. 
Some of the original acetate solution is placed in the comparison vessel, a 
little quinhydrone added, and the stopper bearing the electrode inserted. This 
arrangement is supported in the solution so that equality of temperature is 
ensured. About 0.5 gm. quinhydrone is added to the solution in the beaker 
and the stirrer started. A quick tap of the key indicates by the deflection of the 
galvanometer (L. & N. Type R, with 500-ohm coil and provided with damping 
resistance) whether or not the solution is more acid than it was at the begin- 
ning. If acid, 0.2 N NH4OH is added from a burette as rapidly as possible 
with frequent observations of the effect upon the indications of the galvanom- 
eter. As this becomes less, the ammonia is added more slowly, and finally 
the connection through the galvanometer is made permanent and the spot of 
light brought to the zero of the scale by additions of drops of ammonia By 
standardizing this procedure and working as rapidly as possible, excellent re- 
sults have been obtained, judged from agreement of duplicate determinations 
at different times. Titrations of 40-ml. portions of 0.2 N acetic acid in 750 
ml. neutral acetate have indicated that although there is a plus error averaging 
2.2 ml. 0.2 X NH4OH, this is constant to within 0.5 ml. This average correc- 
tion has been deducted in our work. Fresh solution and quinhydrone must be 
placed in the comparison electrode vessel for each determination. Following 
the titration, the beaker with the solution is set on the steam plate to evaporate. 

Purification of the residue of salts 

The residue from evaporation contains quinhydrone, as well as the acetates 
of the bases extracted from the soil. Most of the organic matter is volatile 
without difficulty and ignition in the beaker, similar to the procedure of Bray 
and Willhite (3\ has been applied in the case of a few extracts from limed soils. 
According to our experience, the ignition in glass has not caused any noticeable 
contamination with acid-soluble matter, but many small pieces of glass have 
been detached by the action of the fused salts and the beaker is very likely to 
break under such severe treatment. With a little extra trouble it would be 
possible to conduct the final stages of the evaporation and the ignition in a 
platinum dish with greater safety. The organic matter has usually been 
destroyed by acid treatment in the beaker as follows: 

Add to the residue from evaporation of the acetate extract 15 ml. aqua regia, cover, and 
evaporate. Add about 15 drops cone. H a SO< and 5 ml. HNOs and boil off the acid, keeping the 
breaker grasped with a Chaddock clamp in constant motion to prevent the acid condensed on 
the watch glass from dropping on the heated bottom. As soon as the nitric acid has been 
expelled and heavy fumes of sulfuric acid appear, remove the watch glass and heat the upper 
part of the beaker as well as the bottom to volatilize organic matter and most of the excess 
sulfuric acid. Clean the watch glass in the same way and replace it. If the residue is still 
black, add a little more nitric add and repeat. This will generally be sufficient. Take up 
with 15 ml. 5 N HC1 and 150 ml. water and boil to get CaS0 4 into solution. Filter into a 
250-ml. Erlenmeyer, wash, and discard the filter. 
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Ammonium sulfide precipitation 

Neutralize the solution in the flask to methyl red with ammonia, add 5 ml. 
5 N (NH^aS, fill to the neck, and stopper. Let stand in a warm place over 
night. Filter through 9 cm. paper into a 400-ml. beaker and wash rapidly 
with a cold solution of 10 gm. NH 4 CI and 5 ml. (NFLO 2 S in a liter of water, to 
prevent MnS being reoxidized and entering the filtrate. Roll the paper with 
the precipitate of MnS and Al(OH) 3 into a ball and preserve in the flask. 

Calcium 

On account of the wide difference in amount of Ca and Mg in leachings from 
limed and unlimed soils, different procedures have been used for the determi- 
nations. In the case of soils containing little of these elements extracted by 
ammonium acetate solution, the filtrate from the sulfide precipitate was set 
on the steam plate and allowed to evaporate to about 75 ml. There should be 
no precipitate, except a slight deposit of sulfur adherent to the glass, as the 
result of this evaporation. Acidify with a drop or two of HC1 and add dropwise 
to the boiling solution 5 ml saturated (NIIO 2 C 2 O 4 . If no precipitate appears, 
neutralize with ammonia. If the precipitate is heavy, it is probable that more 
oxalate will be necessary, and 5 ml. more may be added Digest for about an 
hour on the steam plate, with occasional addition of a drop of ammonia to keep 
alkaline. Filter on a small gooch with a paper circle cut to fit, receiving filtrate 
and first hot water washings in a 150-mi. beaker. Wlien washing is complete, 
place the crucible with the precipitate in the beaker, add 50 ml. water and 5 ml. 
cone. HnS0 4 , heat to 70°C., and titrate with 0.05 A 7 KMn0 4 . 

Magnesium 

Evaporate the filtrate from the oxalate precipitation to about 60 ml. and 
cool. Precipitate the Mg by addition of 5 ml. or more .V (MI^AsO* followed 
by dropwise addition, with constant stirring, of conc.NH 4 OH in volume equal 
to one-tenth that of the solution. vSet the beaker in a large desiccator jar, or 
use some other effective means to prevent the escape of the ammonia, and let 
stand in a cool place until the next day. Filter as in the case of Ca, but wash 
with 1:10 cold NH 4 OH, receiving the filtrate and first washings in a 150-ml 
beaker. Drain the beaker thoroughly and draw air through the filter long 
enough to remove the last drop of wash solution. Place the crucible with the 
precipitate into the beaker and set aside for an hour to dry, but do not heat 
to hasten drying. When air dry, all free ammonia will have escaped. Add 
a small excess of 0.1 N HC1 and a drop of methyl orange indicator and titrate 
excess acid, as in Handy’s well-known method for Mg (6). 

When both Ca and Mg are high, as w as the case with our limed soils, the suc- 
cessive precipitation and titration of both without a separation, as originally 
proposed by Fox (5) but with some change in details in the Mg determination, 
has been found to be satisfactory. To the filtrate from the sulfide precipitate, 
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about 300 ml. in a 400 ml. beaker, add a slight excess of HC1 and 0.5 gm. oxalic 
acid. Heat to boiling and precipitate the Ca by very gradual addition of dilute 
NH4OH until the odor persists. Let stand 5 minutes, then test for complete 
precipitation by dropping in a little (NHO2C2O4 solution. If the precipitation 
is not complete, it must be made so. When all the Ca is precipitated, add a 
moderate excess (5 to 15 ml.) of N (NH 4 )3As0 4 and ammonia as previously 
described, after cooling. Filter and wash as if precipitate was of MgNILAsO^ 
only, but titrate CaC20 4 by suspending the precipitate in 100 to 200 ml. water, 
adding about 5 per cent volume cone. H2SO4, heating to 70°C. and using 
0.2 N KMnO, in this case. As soon as this titration is finished, add 5 gm. 
KI to reduce arsenate to arsenite and set over a burner. Add Na^SC^ very 
carefully 2 to discharge the iodine color. Continue the heating 15 minutes, 
adding more sulfite as may be required. Set in water to cool and neutralize 
most of the acid by careful addition of strong NaOH solution, but leave the 
solution acid. Add a little starch solution and 0.1 JV iodine to color, then de- 
stroy this color with a trace of sulfite. Add excess dry NaHCOa and more 
starch solution and titrate to a definite blue color permanent for 5 minutes, 
with 0 1 X iodine solution, which is conveniently made by dissolving 25 gm. 
KI in 100 ml. cold water in a 500-ml. volumetric flask, and adding 10 ml. con- 
centrated HC1 in 100 ml. water. To this acidified iodide solution add from a 
pipette 250 ml. 0.2 A T KMnQ 4 with constant swirling to mix, and make to 
volume with water. The normality of this solution with respect to Mg will be 
exactly half that of the KMn0 4 with respect to Ca. 

Alkalies 

To the filtrate from Mg precipitation and first washings, in a 150- or 250-ml. 
beaker, is added 12 drops of cone. H 2 SO and the solution evaporated as far as 
possible on the steam plate and still avoiding loss by spitting when the salts 
begin to separate. The evaporation may be completed and the salts finally 
dried in an oven at 110°C. At this stage of the work there is considerable 
danger of loss bv creeping over the edge of the beaker, so that it will be well 
to watch it 

The beaker with the dried residue of salts is set in an electric crucible furnace 
in a good hood and heated below redness to expel ammonium salts and arsenic. 
During this ignition, the flame of a burner held in the hand should be directed 
at intervals upon the exposed rim of the beaker and the watch glass covering it, 
in order to drive off salts which would otherwise sublime there. When the 
ammonium salts have been expelled the residue should be nearly white, and 
aside from insoluble matter (mainly silica) consists of the sulfates of the alkalies. 
This residue is taken up with a little water and a drop of HC1 and boiled for a 
few seconds to dissolve it. The solution is made alkaline with a drop or two 

1 Addition of sulfite in excess may cause a yellow color to appear, which is likely to be 
mistaken for that of iodine. That an excess of sullite is present will be evident from the odor 
of the solution. 
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of ammonia and a little sulfide, and filtered through a small paper into a 
weighed 100-ml. Pyrex beaker. This solution is evaporated, ignited, and 
cooled for 15 minutes in the air before being weighed, as a precaution against 
error from electrification of the glass beaker. 

For each centigram of sulfates, 1 ml. PtCb solution (contains 10 gm. Pt a 
liter) is to be added and the solution evaporated just to dryness. After the 
residue is cool, excess PtCh is dissolved from the crystals of K 2 PtCl« with 80 
per cent alcohol and the crystals and any insoluble matter in the beaker are 
transferred to a small Gooch with paper and asbestos, previously dried and 
weighed. After sufficient washing with the alcohol to remove excess Pt, 
sulfates are removed by about six washings with half saturated NH.Cl and the 
latter removed by a final thorough washing with alcohol. All the filtrates 
are collected in the same beaker and set aside. The alcohol is allowed to 
evaporate from the Gooch by standing in the air for several hours, with a final 
drying at 110°C. before weighing. The potassium salt is removed from the 
Gooch by washing with hot water and the crucible again dried and weighed. 
The loss in weight noted between the second and third weighings represents 
K^PtCl* and is calculated to K, whereas the gain in weight of the third over the 
first weight represents insoluble matter, which is to be deducted from the 
weight of alkali sulfates, as determined from the increase in weight of the beaker. 
The weight of K 2 SO 4 calculated from the weight of KjPtCle found is further 
deducted, leaving the weight of Na 2 SQi. 

All the errors of the analysis fall upon the sodium determination, hence it is 
well that the analyst satisfy himself that the previous separations were com- 
plete. Manganese and magnesium are most likely to escape precipitation at 
the proper point; the presence of the former in the alkali sulfates will be shown 
by a brown color, but the latter is not so easily detected. If these were present, 
they will remain in the solution from which excess Pt was precipitated by 
NH 4 CI. The Pt salt is filtered off and washed wdth a little more NKL.C1 
solution to dissolve sulfates. The clear alcoholic filtrate is tested first with 
a little sulfide for Mn, then with oxalate 4 ‘or Ca, and finally with arsenate for 
Mg. The separations from this alcohol solution are rapid and the testing 
does not require much time. If appreciable quantities are found, determina- 
tion as sulfate or calculation to that form and correction of the weight of alkali 
sulfates by the proper deduction are necessary. 

Aluminum 

The filters containing the main sulfide precipitate asw r ell as any that may have 
been recovered while working with the alkali sulfates, are removed from the 
flask and ignited in a platinum crucible. The ash is fused with KHSO4 at 
red heat and the melt dissolved. In the meantime 5 ml. cone. HNO3 has 
been evaporated in the flask to remove the chloride and the flask then rinsed 
w ith a little HNO3 and w r ater. This solution and that of the bisulfate melt are 
united in a 200-ml. volumetric flask and made to volume. The solution is 
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filtered through a dry paper, and half of it taken for the determination of A1 
by an adaptation of Burgess , (4) method; to the 100-ml. aliquot in a 150-ml. 
beaker are added a drop of alizarin-S indicator and ammonia to a brownish 
red tint, indicating pH 5. Then are added successively 2 ml. N (NH^HPOi, 
1 ml. N 5 HC1 to clear, and 2.5 ml. N Na^SsOs; and this mixture is boiled 
slowly while covered 15 minutes. After the addition of 5 ml. 5 N NH 4 C 2 H 3 O 2 
at pH 5, the boiling is to be continued for 15 minutes longer, then filtered and 
washed with hot water. If much Mn is present, it will be necessary to dissolve 
the AIPO 4 from the precipitate with hot dilute HC1, catching the solution in 
the same beaker and repeating the procedure in order to get a good separation. 
The precipitate of A 1 P 04 and S is finally ignited in a porcelain crucible and 
weighed as A1P0 4 . 


M anganese 

The remaining 100 ml. of solution of bisulfate fusion, or an aliquot if Mn is 
high, is used for this determination. It is transferred to a 250-ml. beaker and 
5 ml. cone. HN0 3 and 25 ml. AgN0 3 (1 2 per cent solution) are added, followed 
by 1 gm. (NH4) 2 S 2 08. The beaker is set upon the steam plate to heat slowdy 
to 90°C., at which point the maximum permanganate color should be developed. 
The solution is cooled quickly, Ag precipitated by the addition of 25 ml. NaCl 
(0.4 per cent solution), and without filtering titrated to disappearance of color 
with standard Na 2 HAs0 3 solution as described by Scott (14). 

Exchangeable Ammonium 

A procedure similar to that described by Merkel (8) was employed for the 
estimation of this constituent; 100 gm. dry soil, as used for the ammonium 
acetate leaching, is weighed out and transferred to a 50Q-ml. Erlenmeyer The 
flask is filled with 0.1 N HC1 and shaken at short intervals for 5 minutes, 
then the suspension filtered on a 10-cm. Buchner. The filtrate is transferred 
to a liter volumetric flask, and the soil washed with more of the acid until 
the total volume is 1 liter. An aliquot of 500 ml. is transferred to a copper 
flask, a slight excess of alkali added, and the ammonia distilled into excess 
standard H 2 S04, and titrated with 0.1 N NaOH and methyl red indicator. 
In some instances, the determinations by this method were checked by the 
method of McLean and Robinson (9), employing a solution of NaCl for extract- 
ing NH4 from the fresh soil and distilling off NH S as described in the foregoing. 
As good agreement was obtained, either method seems equally reliable. 

Ammonium absorbed 

The method described by Kelley and Brown (7), with slight changes, has 
been used for the determination of NH. absorbed from ammonium acetate by 
the soil, or total absorptive capacity. Following the leaching with alcohol 
to remove acetate, as much of the alcohol as possible is drawm from the soil in 
the percolator by application of suction, but care being taken not to dry the 
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soil, which would result in the loss of considerable absorbed NH,. The moist 
soil is turned from the percolator into a weighed beaker with cover, and after 
thorough mixing with a spatula the weight of damp soil is determined. One 
fourth of the soil is transferred to a copper flask, 400 ml. water with a few drops 
of capryl alcohol and mineral oil added to reduce foaming during distillation, 
and 50 ml. strong NaOH added, and the NH^ distilled slowly for 45 minutes. 
A similar determination on 25 gm. of the original soil has been applied as a 
blank. It would have been better to have removed the small amount of 
exchangeable NKUfrom the blank sample by extraction with acid or salt solution 
although the error introduced by this neglect was insignificant and can be 
corrected by other data obtained The blank is quite large, because of decom- 
position by the drastic treatment of organic matter containing nitrogen. 
In our experience it has been quite constant for a particular soil, and this 
method is considered satisfactory for the determination if carried out with 
some precaution to ensure uniform distillation period for all samples. 

Correction for carbonates dissolved 

The residue of percolated soil after removal of the portion for determination 
of NH* absorbed may be dried and ground for determination of carbonate 
dissolved from a calcareous soil during the leaching process, comparing the 
data so obtained with that from examination of the original sample. The 
apparatus we have used for the determination of carbonates in soil by boiling 
with 1:50 HC1 in vacuo has been described (1), also the absorption of CO* 
evolved in excess Ba(OH) 2 and titration (12). 

Blanks 

In consequence of the large volume of solution which is used for the extraction 
of the exchangeable bases from the soil, appreciable amounts of impurities 
are introduced, even when the best reagents obtainable are used. In our 
experience, a small amount of calcium and a considerable amount of sodium 
have invariably been found in blank determinations with the regular procedure, 
but without soil It has been noticed that these blanks are larger when old 
aqua ammonia has been used for the preparation of the ammonium acetate 
solution for leaching the soil, or when the acetate solution had been kept for a 
considerable time in a bottle of common glass. 
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The work of Atterberg and Johannson upon soil consistency published between 1911 and 
1910 (1, 2, 10 and numerous other papers) has lately received attention in this country and in 
England. Atterberg’s methods have been reviewed at some length by Russel and Wehr (15). 
These authors gave detailed descriptions of their adaptations of the Atterberg methods, and 
determined the Atterberg numbers for the various consistencies of a number of Nebraskan 
soils. Raver more recently has given the effects produced by controlled base replacement upon 
some of the Atterberg numbers (3). The “lower liquid limit” and “lower plastic limit” are 
commonly determined in the preliminary examination of subgrade material for road con- 
struction in the Bureau of Public Roads of the U. S. Department of Agriculture. Winter- 
meyer (20) has described the methods for obtaining these values. Their significance from 
the standpoint of the identification and evaluation of soils for construction material has been 
discussed by Terzaghi (18). As reported by Davis (6) some of the Atterberg numbers have 
been determined for certain soils collected by the U. S. Bureau of Chemistry and Soils. 
Haines, working at the Rothamsted station, examined soil cohesion and the pressure of 
fluidity for certain clay separates, ball clays, and a few soils (9) as part of an investigation into 
the mechanical properties concerned in cultivation. Methods very similar to those of Atter- 
berg and Johannson were used for the cohesion measurements. A few years after the appear- 
ance of the first (1, 2) of Atterberg’s papers on soil consistency, Kinnison of the U. S. Bureau 
of Standards compared the order of relative plasticity as determined by the Atterberg method, 
with that obtained by some of the then used methods for measuring plasticity in America, 
for a variety of shales, kaolins, and clays (11). He concluded that no single method is suffi- 
cient to classify clays as to their plasticity, and that each included some results out of harmony 
with the observed facts as recorded from common experience with the clays studied. He 
considered that the most reliable rating for the series was to be obtained from the product of 
the plasticity number, the water of plasticity, and the water vapor adsorbed over 10 per cent 
sulfuric a< id. 


DESCRIPTION OF SOILS USED 

It was the purpose of the present investigation to examine the relation of the 
moisture content at the plastic consistency to some of the other properties of a 
fairly large number of Californian surface soils. Forty-three soils, members of 
23 soil series, and 1 unnamed lacustral soil, were used. In addition 10 soils 
from India, members of 8 soil series, were included in the study. The Cali- 
fornian soils consist of primary, or residual, and secondary soils. The primary 
soils have developed from parent material which includes basic and meta- 

1 Assistant professor of soil technology, University of California, and professor of agricul- 
tural engineering, Kyushu Imperial University, Fukuoka, Japan, respectively. 
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Description of soils used 
(After Shaw) 
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raorphosed igneous rocks, sandstones, and shales. The secondary soils have 
developed from unconsolidated sediments derived from a still wider variety 
of rocks. 

They were collected at altitudes varying between 200 feet below sea-level in 



mitrawu 


Fio. 1 . Outline Map op California Showing Location of Soils 

Imperial Valley and 4,300 feet above sea-level in Big Valley. They represent 
climatic conditions with annual precipitations of from less than 4 to over SO 
inches, and temperatures which are practically frost free to those having frosts 
during 10 months of the year. They were taken from the collection of soil 
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samples made by the University of California and the U. S. Dept. Agriculture 
Bureau of Chemistry and Soils in the course of the soil survey of California. 
This collection includes representative profile sets of all the soil series es- 
tablished in California. The classification of the soils used is given in table 1, 
and their geographic distribution is indicated in figure 1. The distribution 
of the average annual rainfall in California (19, p. 3) is also given in the figure. 

The descriptions are based on “The Basis of Classification and Key to the 
Soils of California” by Shaw (17). The Indian soils are from the general 
vicinity of Allahabad in a region of high annual precipitation and high mean 
temperature. They were collected by Pendleton and are described more fully 
in the soil survey reports of the Gwalior, Mandsaur, Ujjain, and Shivpuri 
areas, India (13). 

All of the soils had been preserved in glass jars for at least one year, and in 
some cases for as long as 15 years, and were air-dry. Each was prepared before 
use by being passed through a 1 mm. screen, followed by thorough mixing. 
The Indian soils had been sterilized upon entrance to this country five years 
previously. Except as indicated, all were surface soils. 

THE FLASTIC CONSISTENCY 

Plasticity, or the plastic consistency, may be defined as a property of solids 
by virtue of which they hold their shape permanently under the action of small 
shearing stresses, but are readily deformed, worked, or molded, without crack- 
ing, under somewhat larger pressures. The main part of the definition is 
according to Bingham (4, p. 216). Mellor (12, p. 354) adds “without crack- 
ing” to an essentially similar but independent definition. It is obviously 
possible to exclude the very sandy soils from those which exhibit plasticity 
under ordinary conditions to an even moderate degree. Accordingly, the 
coarse textured soils have been excluded from the group examined. 

Atterberg recognized several consistency forms. He recognized the plastic 
consistency by his ability to roll the soil out into a wire. The moistness at 
which this just ceases to be possible he named the “Ausrollgrenze,” or lower 
limit of plasticity. He considered the upper limit of plastic consistency, or the 
“Fliessgrenze,” to be that moisture content at which the bottom parts of a 
V-shaped furrow in a cake of soil, in a small, round-bottomed dish, just flow 
together when the dish is jarred. Commenting upon the “Fliessgrenze,” 
Atterberg stated (2, p. 37), “This is not a sharp, natural limit. Such a limit 
probably exists for loams but not for clays. Therefore the position of the limit 
must be considered as arbitrary.” He made no statement of the number or 
magnitude of the impacts to be used, beyond stating that “the dish must be 
rapped violently and repeatedly against the palm of the hand” (ibid. 2, p. 37). 

From a consideration of Bingham’s fundamental conception of the flow of 
plastic solids having a high degree of homogeneity, when subjected to a shearing 
force F, 


Vk « MF-/) 
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where V = volume of flow, k is a proportionality factor, m is the coefficient of 
mobility 2 in analogy to the fluidity of liquids, and / represents the force neces- 
sary to overcome the internal friction of the material, or that just needed to 
start the flow. Figure 2 is a flow-shear diagram, after Bingham, for plastic 
solids possessing different degrees of mobility (as indicated by the slopes of the 
curves) and of internal friction, or yield values (as indicated by the intercepts 
on the abscissa). 



Fig. 2. Flow-Shkar Divgram of Plastic Souds 
(After Bingham) 

By applying this idea to the case of a moist soil at the “Fliessgrenze” of 
Atterberg, we may write 

m(F-/) - O 

which is only true when F = /. As F approaches/ as a limit the volume of flow 
approaches zero. It is therefore clear that insofar as Atterberg’s conditions 
of measurement of the “Fliessgrenze” can be reproduced, it must determine 
the moisture content of the soil at which the shearing force applied just exceeds 
the internal friction of the material and so causes a very slight flow to take 

* Bingham defines the mobility of a plastic solid as the reciprocal of its consistency, where 
consistency is to be thought of as the measure of resistance to rapid deformation. 
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place. The so-called upper plastic limit must therefore be considered as en- 
tirely arbitrary, and dependent for its value upon the strength of the blow 
struck. Upon increasing either the impact force, or the number of impacts, 
provided each one always develops a shearing force slightly in excess of the 
yield value, the upper plastic limit will be lowered to a new moisture content 
such that the force necessary to overcome the internal friction of the soil is 
again just below the shearing force transmitted by the blow. It is conceivable 
that the “Fliessgrenze” may be lowered at least to the “Ausrollgrenze” by in- 
creasing the shearing force. Russel and Wehr (15, p. 358) reported instances of 
practical coincidence of the two values, when determined in the ordinary way 
for certain soils. It follows that the plasticity number, or plastic range is also 
entirely arbitrary. 

At the “Ausrollgrenze” the soil wire is subjected to a small shearing force 
when under a pressure slightly in excess of one atmosphere and must be in such 
a condition of moistness that shearing cannot occur unattended by crumbling. 

Considering two different soils, at the same or different moisture content, 
which have in some way been subjected to the same shearing stress and which 
in consequence have produced equal amounts of flow, 

Vik = 


and 


V,k = th(Fi~fr) 


In this particular case Vi = (= V , the volume of llow) and I‘\ = I'\ (= F, 

the shearing stress), m — the mobility of soil 1, m = the mobility of soil 2,/i = 
the internal friction or yield value of soil 1,/j = that for soil 2, and so, 


Miff-/,) = 


and 


— _ ^ ~ f} 

Mi F — fi 

Under these conditions, if /i = /», m and m will be equal. Different soils at 
such moisture contents that the application of equal shearing forces produces 
equal amounts of flow may be said to be of equal stiffness. That is, 


Mi/i ~ th.fi „ , , 

= F * a constant, 

Ml - Ml 


Otherwise stated, at the point of equal stiffness the flow-shear curves of different 
soils will intersect. It will be seen that this becomes possible for a wide range 
of soils, provided that their moisture contents may be adjusted. It may be 
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pictured more readily if a third axis, at right angles to the other two, is added to 
the coordinate system of figure 2, as in figure 3, to represent moisture content, 
provided that the system is always viewed in a direction parallel to the third 
axis. The consistency and yield value will vary with the moisture content. 

By controlling the applied force, as for example in an adaptation of Atter- 
berg’s method by fixing the number and magnitude of the impacts, and by 
fixing the volume of flow, a rather simple means may be devised whereby the 
moisture content can be determined at which soils possess the same degree of 



Fig. 3 . Flow-.mii.ak Diagram of a Plastic’ Solid, rm, Consistency of \V:UCH is 
Modified ii\ its Moisture Conti nt 

stiffness. This was attempted in the present work, and the soils were examined 
as to moisture content when a certain small, fixed amount of flow was obtained 
under such conditions. It was first necessary to adopt some method for stand- 
ardization of the impact magnitude. The physical basis for the method used 
is described in the following. 

Dropping an object from a height to a fixed, rigid surface provides a simple 
way of subjecting it to a relatively large force during the very short time 
interval of impact. An expression for the magnitude of the force developed in 
this way may be calculated by consideration of certain elementary mechanical 
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principles. The momentum of a body falling freely from rest is given, for any 
instant, by the product of its mass m, and its velocity v, 

momentum = mv 

which may be expressed 3 in terms of force F, and time /, 

momentum — Ft 

Upon striking the rigid surface at the distance a from its starting point the 
falling body almost immediately comes to rest, then 4 

linear impulse = change in momentum ~ —mv 

The change in momentum is due to an impressed force F f , the magnitude of 
which at the time of impact may be measured by the change in momentum, and 
is given by 


p _ - Vi) 

t' 

where V\ = the initial velocity, v 2 = the final velocity, and /' = the time during 
which the force acts. In this case 


F' = 


tuv 


Sincev — y/2 gh, forunit mass F f = — — ~ . The change in momentum, — mv, 

i 

is brought about in the very small time interval so that F' may be of consider- 

able magnitude. 


1 In the case of a freely falling body, neglecting air resistance, the acceleration, a 

d*s 

= ™ = g, the gravity constant 
ds 

T = it + Vo = r, the velocity at any instant 
at 

and 

s - 1/2 gt 2 + i’o t 4- so = the distance fallen at any instant 
For a body starring from rest, where distance is measured from the starting point, Vo and 
Jo = 0, so that j = 1/2 g/ l and v -gt. If s - //, the height, then h - 1/2 gt 2 f and v = V2gh . 

F F 

Since F = ma, the mass may be expressed as - and therefore momentum = - gl — Ft. 

g g 

4 The linear impulse is given by measurement of the total change in linear momentum, 
which is obtained by measurement of the change in velocity. 

If V\ = velocity of falling body just before striking the rigid surface, and 
Vi — its velocity just after the blow has been struck, 

Since t»i = vandt >2 - Ocm./scc., then the 

impulse = change in momentum = m( r 2 — t>i) = —mv. 
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EXPERIMENTAL 

The procedure which involves these principles and which was finally adopted, 
follows. A moisture determination is made of the air-dry soil. Sufficient 
soil to give 20 gm. of water-free material is then weighed out into a small, round, 
straight-walled and flat-bottomed aluminum dish (50 mm. diameter x 13 mm. 
high). From the weight of dish and soil a table is previously prepared showing 
the gross weights corresponding to different moisture percentages over the 
working range. Water is then added to the soil from a burette and thoroughly 
mixed into it by manipulation with a stiff, short-bladed spatula. It is usu- 
ally convenient to perform the initial mixing operation by repeatedly chopping 
the moistened soil with the edge of a spatula on a glazed tile. The moist soil 
is pressed in the puddled 5 condition into the aluminum dish, smoothed level at 
the top, and weighed. It is then quickly provided with a V-shaped ditch hav- 
ing sides sloping at an angle of 45° with the perpendicular. The excavated 
wedge of soil is removed to a porcelain dish and placed in a humidifier during 
the dropping process which follows, for return to the soil mass after the ditch 
has been filled. The ditch should be as clean as possible, smooth-walled, with 
a right-angled vertex slightly above the bottom of the soil layer, of uniform 
width and depth each time and situated at the diameter of the dish. The 
impact used in the production of plastic flow is then provided by letting the 
dish fall freely and squarely from a height of 30 cm. to a heavy laboratory 
table. A given amount of flow is considered to have taken place when a suc- 
cession of equal impacts has been provided, sufficient to fill the ditch. The 
number of impacts necessary is recorded. The exact moisture content as 
percentage on the dry basis may be calculated readily from the prepared table 
of gross weights by interpolation. By repeated additions and incorporations 
of water, weighings, ditchings, and droppings, data are obtained for the con- 
struction of a moisture content — impact curve. The maximum size of a ditch 
having the sectional form of an isosceles right triangle, vertex down, and in 
turn the amount of flow, are of course controlled by the depth of soil in the dish. 

A ditch having a width at the top of 14 mm. and a depth of 7 mm. proved 
satisfactory. This gave a volume of about 2.3 cc. In all cases the size of the 
ditch was kept as nearly constant as possible. The width was controlled by 
parallel rulings on the smoothed surface with a caliper-like device cut from tin, 
the actual ditching being done with two razor blades held at an angle of 45° 
with the soil surface, and a spatula to remove the soil wedge. 

Errors will be produced by non-uniformity in moisture distribution, incom- 
plete puddling, construction of an imperfect ditch, high evaporation losses, 
and erroneous decision as to when the ditch is filled. The method of initial 
wet ting has already been described. Later additions of water are usually more 
easily incorporated with the already moist cake by running the w ater on from a 


1 For the present purpose a puddled condition is considered to be one in which the pore 
space of the soil has been sufficiently reduced that true plastic deformation may take place. 
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burette, cutting the soil checkerboard fashion with the spatula, and then 
thoroughly working up the soiL In order that none of the impacts shall be 
used up in puddling the soil care must be taken to prepare a well-puddled mass 
in the dish before ditching. 

The preparation of a clean ditch of constant size is difficult with the stickier 
soils at high moisture contents. The loss of water during the dropping was 
found to be of relatively slight effect except in the drier stages. This was 
checked by making a moisture determination at the end of the run for each 
soil. The final water content was found to agree closely with that desired. 
With care, soil losses due to spattering are slight and seldom exceed 0.1 gm. in 
20 gm. of soil. 



Fig. 4. Moisture Content— Impact Curves for Ajkf.n Clay Loam, Yolo Clay, and 

Yolo Clay Loam 

Decision as to when the ditch may be considered filled presents some diffi- 
culty. The limit of readjustment of the soil mass after the construction of the 
ditch and consequent upon the dropping is clearly not reached until the surface 
of the soil cake is again level, but in a low f er position than it originally occupied 
by an amount corresponding to the volume of the soil wedge excavated. In 
order to reduce evaporation losses, the ditch was considered to be filled when a 
number of blows had been delivered sufficient to cause the flattened walls of 
the ditch to be in practically continuous line (in cross section) with the very 
slightly sloping surface of the cake on either side of the ditch. This may be 
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judged by holding a straight edge at right angles to the line of the ditch, and 
resting vertically upon the soil. 

No attempt was made to measure the absolute value of F', a large part of 
the total force being consumed in various ways other than in the production 
of plastic flow. The important thing is that for unit mass, or any small ele- 
ment of the total soil mass, F' is reproducible with considerable accuracy, 
because of its direct proportionality to the square root of the height from which 
the soil falls, a value which is easily held constant. 

When the number of impacts needed to produce a given quantity of flow are 
plotted against the corresponding soil moisture contents, curves of the power 
type are obtained. These are plotted for the Aiken clay loam, the Yolo clay, 
and the Yolo clay loam in figure 4. Several sets of values were obtained for 
each of these soils. An idea of the possible duplication of the results may be 
obtained from the position of the experimentally determined points with 
respect to the smooth curve drawn through them. 

The relationship between the number of impacts needed to produce an arbi- 
trary, fixed amount of flow in a certain soil and the water content of the soil, 
may be examined by assuming that i = aw n , when log i = log a + n log w , 
where i = the number of impacts needed to fill the ditch, w = total percentage 
of water (dry basis), and a and n are constants. By carefully plotting the 
experimental values of i and w upon coordinate paper to a logarithmic scale, 
a straight line is obtained with negative slope. Values for a and n are obtained 
by graphic solution, when a turns out to be large and positive, and n very much 
smaller and negative. The significance of the relationship becomes clearer if 

a 

positive values of n are dealt with, in which case i = This is the equa- 

tion for a hyperbolic curve to which both coordinate axes are asymptotes. It 
will be seen that for a given soil, that is to say for fixed values of a and n, i 
increases in inverse proportion to some power of u\ The curves Yolo clay loam 
and Yolo clay (fig. 4) are plotted to a logarithmic scale in figure 5. Their 
equations are 

Yolo clay, i = (7.1 X 10 1 *) w -1 . 81 

Yolo clay loam, * - (1.3 X 10 1 *) w~ 7 tt 

Impact number — moisture content measurements were made for 50 other 
soils. The results were plotted to a logarithmic scale and the straight line 
relationship was found to hold in every case. Figure 5 gives a few of these. 

Moisture contents at which they have the same stiffness may readily be 
determined from a diagram which includes logarithmic graphs of the impact 
moisture relationships for all of the soils. Such a diagram was prepared, and 
the moisture contents compared when 100 impacts produced an equal amount 
of flow in all soils (table 2). 

The other determinations reported in table 2 were carried out as follows: 
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1. Atr-dry moisture content. About 5 gm. of soil was heated at 105°C. for 24 hours in glass 
weighing bottles, the loss in weight being reported as percentage of dry weight of soil. 



2, Moisture equivalent. Thirty grams of air-dry soil were used. The samples in the 
centrifuge cups were kept saturated in pans of water for 24 hours, drained for 30 minutes, and 
then placed in the standard centrifuge machine. The machine was brought up to speed 


TABLE 2 
Soil properties 

(Soils are arranged in ascending order of “water content at 100 impacts”) 


SOIL 

NUMBER 

WATER 

CONTENT 
AT 100 
IMPACTS 

AIR DRY 
MOISTURE 
CONTENT 

MOISTURE 

EQUIVA- 

LENT 

WATER VAPOR 
ABSORBED 
OVER 

3.3 PER CENT 

HfSOi 

COLLOIDAL 

CLAY 

CONTENT 

LOSS ON 
DIGESTION 
WITH 

HYDROGEN 

PEROXIDE 

pH 

41 

Per cent 

15.2 

per cent 

1.02 

per cent 

16.5 

gm. per gm. soil 

0413 

per cent 

13.8 

Per cent 

1.13 

6.05 

45 

19.8 

1.85 

18 6 

.0652 

21.7 

0.85 

6.36 

44 

21 2 

2.02 

20.2 

.0650 

21.7 

1.67 

6.37 

42 

21 6 

2 07 

20.2 

.0556 

18 5 

1.55 

5.75 

24 

24 6 

2.31 

20 9 

.0595 

19.8 

1.99 

6.44 

33 

27.2 

4.74 

27.0 

.1012 

33.4 

1.28 

8.48 

43 

29 0 

2 57 

20.1 

.0721 

24.0 

1 18 

7.54 

6 

29 2 

6 18 

25.1 

.0862 

28.7 

0.45 

6.39 

10 

29 3 

4 67 

26.3 

.0925 

30.8 

2.38 

6.70 

40 

31 4 

4 02 

23.7 

.0815 

27.2 

2.44 

6.43 

25 

32.2 

3 57 

32 2 

.0981 

32.7 

1.22 

6.65 

49 

33.4 

4 31 

27 0 

.1052 

35.1 

0.47 

7.76 

19 

33 4 

2 75 

27 3 

0642 

21.4 

2 96 

5.77 

18 

35 6 

3 73 

28 2 

.0957 

31.9 

3 33 

6 60 

22 

36.0 

6 42 

33.2 

.1258 

41 9 

2. 97 

7.78 

11 

37 0 

6 05 

28 1 

1228 

40 9 

2 13 

6 87 

50 

39 4 

5 47 

27 3 

.1105 

36 8 

0.89 

7.78 

12 

43 0 

6 82 

29 8 

.1367 

45 6 

1 68 

6 62 

5 

43 0 

5 39 

29.1 

.1163 

38 8 

1 51 

8 09 

4 

43 2 

4 80 

35 3 

.1701 

56 7 

1.53 

5 55 

36 

43 4 

4 22 

29 6 

1215 

40 5 

0 69 

7.97 

47 

44 6 

6 92 

35 2 

1487 

49 6 

0.53 

7.97 

38 

46 0 

4 53 

29 2 

1445 

48 2 

0.40 

8.14 

48 

| 46 0 

5 99 

■ 54 8 

1481 

49 4 ; 

2 09 

7 59 

3 

| 46 0 

| 7 74 

33 7 1 

1502 

50 1 i 

3 36 

6 62 

27 

1 47 0 

1 5 52 : 

28 9 ! 

1651 

55 0 ! 

1 15 

6.22 

20 

47 5 

; 3 12 

39 1 ! 

1104 ! 

36 8 j 

4 81 

5 62 

37 

I 47 5 

4 50 

; 33 3 i 

.2031 | 

67 7 i 

0.30 

7 99 

16 

i 49 2 

; 5 59 

32 6 

1309 ! 

43 6 j 

4.11 

6 85 

8 

! 49 5 

! 6 04 

37 7 

1527 | 

50 2 

2 74 

7 02 

26 

49 5 

; 5 W 

33 4 

1358 

45 3 

2.50 

7 08 

2 

' 51 0 

1 7 54 

44 3 ; 

.2623 

87.4 

1 57 | 

7 51 

1 

51 5 ! 

I 7 16 

33 7 ! 

1590 1 

53 0 

1 57 

7.94 

39 j 

i 52 o ; 

! 4 95 1 

32 8 | 

.1275 j 

42 5 

1 14 

| 8.48 

14 ! 

! 52 5 j 

1 7 73 | 

35 5 j 

.1686 j 

56 2 j 

2 46 

6 74 

21 1 

53 0 ! 

; 5 56 i 

38 6 | 

.1764 

5S.8 

2 43 j 

9.13 

32 

54 0 

6 86 1 

33 0 

.1464 | 

48 8 

1 09 

6.19 

34 

55.0 

| 9 31 ; 

35 4 

.1670 j 

55 7 

0 84 : 

8.65 

29 

55 0 j 

j 6 53 

34 8 

.1500 

50 0 

1 26 ! 

5 85 

30 

55 5 

6 68 

43 0 ! 

.1516 

50.5 

1 03 

6.37 

31 

55.5 

! 6.82 

30 6 

.1492 

49 7 : 

1 92 

5 66 

13 

56.4 

| 7 82 

43 1 

.1697 

56 6 

3 17 

! 6.71 

15 

58 0 

! 6 13 

43 4 

.1523 

50.8 

4 67 

! 6 30 

35 

58.6 

9.91 

37.6 

.2037 

67.9 

0 68 

8.71 

9 

61 0 

8.13 

1 38.1 

.1629 

54 3 

1.57 

7.16 

28 

61 0 

7.90 

| 42.8 

.1575 

52.5 

0 81 

7.18 

23 

63.0 

8.96 

39.4 

.1879 

62 6 

1 97 

6.94 

46 

64.0 

8 47 

41.5 

.1952 

65.1 

1.38 

8.11 

17 

70.0 

9.67 

49.3 

.2000 

66.7 

2.99 

6.95 

7 

71 0 

11.5 

43.2 

.1140 

38.0 

5.43 

7 21 
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gradually and maintained at between 2,450 and 2,475 r.p.m. for 30 minutes, after which the 
power was shut off and it was allowed to come to rest without the use of brakes. The soils 
were then rapidly transferred to covered cans and moisture determinations made in the usual 
way. 

3. Water vapor adsorbed over 3.3 per cent sulfuric acid. The method of W. O. Robinson 
(14) was followed, with the exception that the soils were not ground to pass a 100-mesh 
sieve, previous experiments having shown this to be unnecessary. The adsorption was 
continued in partially evacuated glass desiccators, held at 30°C. for 5 days in a large air 
thermostat. 

4. 11 Colloidal clay ” content . An approximation to this value was obtained by dividing the 
water vapor adsorbed per gram of soil by 0.3 and multiplying by 100. In connection with 
some vapor pressure studies under way in this division the validity of the average factor 
0.3* as a means of calculating the approximate amount of colloidal material in soils was later 
examined for samples of colloidal clay separated from some other Californian soils. The 
results are given in table 3. The colloidal matter for the 5 soils was obtained by centrifuging 
at 35,000 r.p.m. from an aqueous suspension of clay having a maximum particle diameter of 
0.001 mm., previously fractionated by sedimentation. No dispersing agent other than water 


TABLE 3 

Water vapor adsorption by different soil colloids over 3.3 per cent sulfuric acid for 5 days 


SOIL NUMBER 

NAME 07 SOIL 

WATS* VAFOK ADSORBED 

PEE CM. OP COLLOID 

: 


gm. 

321 

Aiken (Horizon A) 

0.283 

322 

San Joaquin (Horizon B) 

0.298 

323 

Stockton subsoil 

0.307 

324 

Yolo (Horizon A) 

0.317 

325 

Peat 

0.296 

Mean 

0.300 


was used and the soils were not triturated. After removal from the centrifuge bowl the 
colloid was air-dried and gradually brought to constant weight over sulfuric acid. It was 
then ground to pass through a 0.25-mm. mesh screen and the powdered material used for the 
adsorption trials. No attempt was made to separate all of the colloid from the soils. There 
is close agreement in the average water vapor adsorption per gram of colloid with that obtained 
by Robinson. A narrower range was obtained, but that was to be expected, as only one- 
seventh as many soil colloids were used. 

5. Loss on digestion with hydrogen peroxide. T wo grams of oven-dried soil were weighed into 
a freshly dried 50-cc. Erlenmeyer flask, to the neck of which had been fused a 7-cm. length of 
glass tubing to act as a reflux condenser, and a shorter, slanting, side-tube to permit insertion 
of the soil. The flask and contents were next counterpoised against a similar, but empty, 
flask. Then 5 cc. of water and 10 cc. of 30 per cent hydrogen peroxide were added, the mix- 
ture was shaken, allowed to digest for 1 hour without external heating, placed on the steam- 
bath for 1 to 1$ hours, removed to an oven with the corresponding counterpoise flask, brought 
to approximate dryness, and then dried for an additional 24 hours, before being cooled and 
weighed against the same counterpoise cooled in the same way. The loss in weight, after 
correction was made for the solid residue remaining from the heating and evaporation of 10 
cc. of the hydrogen peroxide, was considered as organic matter. 


• W. O. Robinson obtained a mean value of 0.298 gm. per gm. of soil colloidal matter. 
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6. Hydrogen-ion concentration . This was determined electrometrically with a Leeds and 
Northrup Laboratory Type Potentiometer, using a hydrogen electrode and a soil-water 
mixture in the ratio 1 :2. 


DISCUSSION 

From the relationship i = aw n 9 which is established in the present work for 
the higher values of w t it is evident that as the total water content diminishes 
the number of impacts necessary to produce the prescribed amount of flow 
increases indefinitely. This relationship is very similar to that obtained by 
Haines (9) when comparing the extrusion pressure in tons per square inch with 
the moisture content of certain porcelain clays. Haines experienced difficulty 
in the case of soils at the lower moisture contents becausejof interlocking of soil 



Fig. 6. Relation Between Colloidal Clay Content and Moisture Content at 
Points of Equal Stiffness 

Colloidal clay content calculated from the amount of water vapor absorbed over 3.3 
per cent sulfuric acid. 


particles and squeezing out of water. It is doubtful whether the impact 
method could be used to examine the relationship for soils in the very dry 
condition because of the necessity of producing and maintaining a puddled 
condition, and of applying an impact force in excess of the yield value. Both 
methods present difficulties when it is desired to explore regions of low moisture 
content. However, it does appear that fairly heavy soils may be considered 
as plastics over a wider moisture range than is ordinarily conceded. The in- 
crease in plasticity with pressure, for a given moisture content, is well known 
among ceramic workers (12) and is explained by Haines (8) on the basis of a 
gradient in pressure of attraction between the clay particle and its water film 
on passing from the outer to the inner film layers. 
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The dependence of the moisture content at which one soil is of the same 
stiffness as another upon the actively water-vapor adsorptive material in the 
soil, is well indicated by the scatter diagram of figure 6. There is found to be a 
positive correlation of 0.797 between these two sets of values. According to 
the theory of plastic flow postulated by Searle (16) for clays, their plasticity 
depends upon the presence of a lubricating colloidal suspension surrounding 
the non-plastic particles. The present evidence indicates that the greater the 
quantity of the colloid in a soil the less perfect the lubrication between the 
aggregates for a given moisture content, and hence the less mobile the material. 
Increase in water content is accompanied by a thickening of the water films 
about the colloidal aggregates and a more ready shearing of the plastic mass. 
It appears reasonable to suppose that a change is brought about in both the 
yield value and the mobility, the former being decreased and the latter 
increased. At high moisture contents, where / is small as compared with the 
force produced by a single impact, and where the number of impacts and 
volume of flow are fixed, the soils evidently have very nearly the same mobility. 
Comparison of the moisture contents at which they have the same stiffness 
w r ould then become one at which their mobilities were practically the same. 
The absolute measurement of the colloid content of a soil, if that is possible, 
and even the definition of the term “colloidal clay,” are at the present time 
admittedly imperfect, and vague, yet from the observations recorded here it 
seems certain that the moisture content at which the stiffness reaches a certain 
value depends, for each soil, upon the amount present of a material which has 
as one of its properties a high adsorptive capacity, a typically colloidal char- 
acteristic. No attempt was made in the present work to investigate the nature 
of the colloidal material, other than by means of the hydrogen electrode, nor 
of its absorptive capacity for replaceable cations. According to Baver’s 
observations (3) both of these properties may be expected to exert appreciable 
influence upon soils in the plastic state. Their effect upon the present group 
of soils, or upon other similar ones, is reserved for later investigation. 

The scatter diagrams (figs. 7 and 8) obtained by plotting the air-dry moisture 
content and the moisture equivalent (table 2, columns 3 and 4) respectively, 
against the moisture content of the soils at points of equal stiffness (table 2, 
column 2) indicate the same close relationship (r 2 . 3 = +0.855 and r 2 .4 = 
+0.901) to exist in these cases as is true for the correlation already given between 
the amount of water- vapor adsorbed and the moisture content of the soils at 
points of equal stiffness. The significance of the three coefficients may be 
examined most readily by reference to a table by Fisher (7, p. 176) in which arc 
given values of the correlation coefficient for different levels of significance 
when different numbers of observations are made. From this table it is found 
that the probability that such correlations as have been obtained would arise 
by random sampling of an uncorrelated population is exceedingly low; namely, 
much less than .01 in each case. It is evident that a close relationship would 
be found to exist between these values at any of the comparable points upon 
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the logarithmic curves, because of the similarity in slope of the latter. The 
results of the experiment suggest that a scale of relative stiffness could be 
planned in which stiffness is measured by the number of standard impacts 



Fig. 7. Relation Between the Air- Dry Moisture Content and Moisture Content at 

Points of Equal Stiffness 



Fio. 8. Relation Between the Moisture Equivalent and Moisture Content at 

Points of Equal Stiffness 
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needed to fill a ditch of standard size. In the present case, for example, the 
relative stiffness of the soils whose impact moisture curves are drawn in figure 
5, may be obtained for any desired moisture content by a vertical section 
through the graph. It must be borne in mind, however, that extrapolation 
of the curves into regions of the lower values of w is not permissible beyond a 
point where the effective force of the impact is only just equal to the internal 
friction of the soil. 

No relation is apparent between the order of arrangement of the soils at 
moistnesses of equal stiffness and their hydrogen peroxide decomposible organic 
matter. It must be concluded that for the soils examined, which are of rather 
low organic matter content, the latter simply behaves as an additional amount 
of colloidal material. Side-effects may exist for higher contents of organic 
matter. No distinct correlation was apparent between soil reaction and stiff- 
ness. The importance of the amount of colloidal material is thus further 
emphasized. 


SUMMARY 

A number of soils of different origin, family, stage of development, group* 
and series, and developed under different climatic conditions, were examined 
for several physical and a few chemical properties with regard to the relation 
existing between these properties and the behavior of the soils in the plas- 
tic state. 

The soils used had moisture equivalents ranging from 16 to 51 per cent, 
colloidal clay contents, as measured by the water vapor adsorption method, 
from 15 to 64 per cent, pH values from 5.55 to 9.15, and were predominantly 
low in organic matter as measured by digestion with 30 per cent hydro- 
gen peroxide. 

By closer attention to, and greater control of, the details of the method 
originally devised by Atterberg for measuring the moisture content of soils 
at the so-called “Fliessgrenze,” and by consideration of the law’s of flow of 
plastic solids developed by Bingham, a simple method was devised w hereby the 
moisture content of soils may be compared at states of equal stiffness. Equal 
stiffness is defined as that consistency at which the application of an equal 
force produces in different soils an equal amount of flow. The method is 
described, and involves dropping a flat-bottomed, straight-sided, metal con- 
tainer, holding the plastic mass of soil of known moisture content, from a fixed 
height to a fixed, flat surface, until a ditch, previously excavated in the soil, 
is filled. By determining the number of impacts needed to fill the ditch at 
different moisture contents of the soil, and by graphically plotting the results, 
hyperbolic curves were obtained in all cases. There was found to be a close 
positive correlation between the air-dry moisture content, the moisture equiva- 
lent, and the colloidal clay content, respectively, and the soil moisture content 
at states of equal stiffness. This proved true for all degrees of stiffness, and 
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indicates that large quantities of water are bound by the soil colloidal material 
and that lubrication of the plastic mass is delayed when much colloidal matter 
is present. 

The effect of natural soil organic matter, among the soils used, appeared no 
different from that of inorganic colloidal material. The hydrogen-ion con- 
centration of the soils was without any distinct effect upon the amount of 
moisture needed to produce a given stiffness. 
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In this paper the results of some investigations on the chemistry of sub- 
merged soils and submerged soil solutions are presented with the hope of throw- 
ing some light on the failure of such soils to grow satisfactory crops. Hitherto 
this failure has popularly been ascribed to lack of aeration, lack of nitrites, and 
other conditions caused by the lack of oxygen. 

Preliminary laboratory experiments showed several specific causes of the 
toxicity of submerged soil solutions. These solutions differ markedly from 
aerated soil solutions in that they contain relatively large quantities of manga- 
nese and iron. Hydrogen sulfide and other poisonous gases are developed, and 
in cases where the soil is long submerged, the soluble bases are largely ex- 
hausted. 

In the course of the investigation on the composition of submerged soil solu- 
tions, it was found that considerable gas was given off by submerged soils. This 
phase of the problem was studied, as it is closely allied to the composition of 
the solution and of the residual soils. 

PRELIMINARY WORK 

A corn field on Congaree silt loam near Colvin Run, Virginia, contained a 
poorly drained spot which was under water several times after the com had 
reached a growth of about six inches. During most of the growing seasons 
there was little rain and the poorly drained spot was dry on the surface, but the 
corn did not grow on this spot. Samples of soil solution were taken in the mid- 
dle of the poorly drained spot and also a few yards away, where corn grew 
exceptionally well. Qualitative examination showed an unusually large 
quantity of soluble manganaese and iron and the water extracts of the soils 
were analyzed quantitatively for these elements. The results are given in 
table 1. 

The data of table 1 show that the concentration of iron and manganese in the 
subsoil solution of the poorly drained spot is relatively very high. The subsoil 
solution of this spot is higher in manganese and iron than the surface soil solu- 
tion and very much higher than the solution of the fertile adjoining spot. The 
water table of the poorly drained spot was about two feet below the surface and 
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the sample taken from the subsoil was submerged in water. There is abundant 
evidence in the literature that the concentrations for iron and manganese shown 
are sufficiently high to cause toxicity. 

IRON AND MANGANESE IN BOG WATERS 

The high iron and manganese content of the poorly drained spot of Congaree 
silt loam is a sufficient cause for its toxicity, and naturally leads to the examina- 
tion of bog waters and poorly drained soil solution to see whether the observed 
condition is general. Accordingly, samples of solutions were taken from a few 


TABLE 1 

Comparison of iron and manganese in the water extract of well-drained and poorly drained spots 
of Congaree Sill Loam , Colvin Run, Va. 


DEPTH OP SOIL 

DEAINAGK 

ikon as FetOi 

MANGANESE AS MdO 

inches 


ppm . 

P.p.m. 

0-7 

Poor 

1.4 

2.0 

40 

Poor 

17.0 

28 0 

0-7 

Good 

0.9 

2.1 

40 

Good 

2.1 

2.2 


TABLE 2 

Iron and manganese in certain bog waters 


LOCATION 

f*o. 

MnO 


PPm. 

ppm. 

Quarry in Falls Church, Va: 



Surface 

1 6 

1.0 

18 inches deep 

5.6 

1.4 

36 inches deep; in mud 

8.7 

4 2 

Greenway Downs, Falls Church, Va. : 



About 48 inches deep; in mud 

41.2 

7.1 

Vienna, Va. : 



About 4J feet deep; in mud 

2.9 

4.3 

Arlington Brick Yards, Va.: 



Surface 

1 3 

0.8 

24 inches deep; in mud 

2.1 

1.1 


nearby bogs in Virginia. There was considerable flow from two of the bogs, and 
samples were taken from the surface and also just beneath the mud at the 
bottom. The process of taking the solution was simple. The solution was 
filtered through a Pasteur-Chamberland tube. This tube was connected by a 
long rubber tube to the sample bottle which was exhausted by a hand pump. 
The first liter was discarded in order to get a representative sample. 

The Vienna bog is an old natural one. The others are artificial and the bog 
near Falls Church is of recent origin. The results of the analysis are given in 
table 2. 
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Table 2 shows very variable quantities of iron and manganese. Both in- 
crease with depth where samples were taken at different depths. There is 
probably a surface dilution with rain and drainage water from better drained 
spots. The surface of the bog in Greenway Downs showed the peculiar iri- 
descent film characteristic of chalybeate waters when they come in contact with 
air. Such waters contain ferrous carbonate and generally manganous carbon- 
ate held in solution by carbon dioxide. The ferrous iron at the surface is oxi- 
dized and precipitated as a thin film. The deep samples from the Arlington 
Brick Yards and from Vienna are not especially high in manganese and iron, 
presumably because th^se elements have been leached out. The deep sample 
from the bog near the Falls Church Quarry is higher in manganese and iron, as 
might be expected from the fact that the bog was of recent origin and probably 
contains considerable extractable manganese. 

TABLE 3 

Variation of solubility of manganese and iron with time of extraction 


Kelley and McGeorge 

SOIL NIMBEE 

1 

m-gATION or EXTRACTION j 

MANGANESE AS MoO 



p.p.m. 

313 

1 hour 

2 37 


24 hours 

2.37 


7 days 

14 1 

314 

1 hour 

2.33 


24 hours 

| 4 75 

! 

i 7 days 

11 9 

319 j 

1 hour 

! 1.41 


24 hours 

4 28 


7 days 

7 07 


It appears from these results that bog waters vary considerably in their 
content of manganese and iron. The quantities of these elements in river and 
well waters are interesting in this connection. Clarke (3) cities analyses of 
the Potomac, Mississippi, and James Rivers. The manganese content of these 
rivers varies from 0.05 to 0.22 p.p.m. of manganous oxide. The water from five 
wells in Falls Church, Virginia, contained from a trace to 0.15 p.p.m. of man- 
ganous oxide and from 0.24 to 1.3 p.p.m. of iron calculated as ferric oxide. Bog 
waters are therefore considerably higher in manganese and iron than are ordi- 
nary drainage waters. 

IRON ANI) MANGANESE IN SUBMERGED SOIL SOLUTIONS 

From the preceding data it is reasonable to expect that solutions of sub- 
merged soils will be high in iron and manganese. Kelley and McGeorge (18) 
have shown that the solubility of manganese in Hawaiian soils increases with 
time of contact with water. The soils they used were shaken with five parts of 
water in a stoppered bottle. Their results are given in table 3. 



TABLE 4 

Development of soluble iron and manganese with lime of submergence 
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Table 3 shows a steady increase in the quantity of manganese dissolved with 
time of contact and a comparatively large content of manganese. The soils 
studied by Kelley and McGeorge were very high in alumina, iron, and manga- 
nese, differing considerably in this respect from American soils. 

Experiments somewhat similar to those of Kelley and McGeorge have been 
carried out with American soilfe. For this purpose about 500 gm. of soil was 
placed in a bottle with about 2,500 cc. of water and the bottle stoppered. The 
bottles were shaken thoroughly once a day and samples of the solution were 
drawn at certain intervals, care being taken to admit as little air as possible. 
The samples were analyzed for iron and manganese. The results are given in 
table 4. The third column gives the total manganese in the soil and the re- 
maining columns give the manganese and iron content of the solution in parts 
per million. 

Table 4 shows that the solubility of manganese increases with time of sub- 
mergence in all cases where there was any appreciable quantity of manganese 
in the soil. In general, the increase in the solubility of manganese w ith time of 
submergence, is greatest when there is an abundance of organic matter in the 
soil. Subsoils show r very little initial solubility of manganese and the solu- 
bility does not increase much w ith time. Whether this is because of the form 
in which the manganese occurs or of the lack of suitable organic matter, is not 
known. In general, the subsoils are low' in manganese, but one subsoil, that 
of the Orangeburg fine sandy loam, contained the largest quantity of manga- 
nese of any of the samples. The organic matter in this subsoil was but 0.77 per 
cent. The quantity of manganese made soluble is not proportional to the 
total quantity present, though, in general, soils low in total manganese show' 
a low solubility. An exception to this generality is the Penn silt loam with 
only 0.043 per cent manganous oxide, which yielded a solution containing 64.4 
p.p.m. In this soil three quarters of the manganese was made soluble. The 
maximum solubility for manganese w as probably not reached in these experi- 
ments. The sample of Manor loam from Virginia which showed a solubility of 
25.2 p.p.m. of manganese oxide after 80 days, yielded 60 p.p.m. after standing 
10 years in a stoppered bottle. 

The solubility of the iron also increases with time, but passes through a max- 
imum with some soils. This may be due to the oxidation of ferrous bicarbonate 
and consequent precipitation of ferric hydroxide by the admission of a small 
quantity of air when the samples w ere taken. This oidation takes place rather 
rapidly, for the submerged soil solutions generally showed the characteristic 
film of chalybeate waters after standing in the laboratory a few hours. It is 
possible that the precipitation of iron may be caused by the development of 
ammonia which, according to Subramanyan (32, 33), somtimes forms under 
submerged soil conditions. The sample of Manor loam from Virginia which 
had been standing in a stoppered bottle for 10 years contained only 1 p.p.m. 
of iron calculated as ferric oxide. There w as a heavy precipitate of iron oxide 
in the solution just above the surface of the submerged soil. The Huntington 
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loam, Chester loam from Virginia, Hagerstown loam, Wabash silt loam, and 
Clarkesville silt loam show a decrease in the soluble iron from the 22- to the 
60-day period. Iron is evidently precipitated more readily from chalybeate 
solutions than is manganese. This is in agreement with the observations of 
Fresenius (3,p. 532). 

GENERAL COMPOSITION OF SUBMERGED SOIL SOLUTIONS 

In the previous experiments it was noted that some of the submerged soil 
solutions contained comparatively large quantities of calcium and magnesium. 
The determination of these elements in submerged soil solutions has little 
bearing on the toxicity of submerged soils. If, however, the solubility of cal- 
cium, magnesium, and other elements is greatly increased by submerged soil 
conditions, these elements may be dissolved to such an extent as to render the 
soils unproductive. Accordingly a number of the submerged solutions were 
analyzed for silica, alumina, iron, manganese, lime, magnesia, potash, and soda. 
The corresponding analysis of the fresh solutions were also made. The 
analyses are given in table 5. 

Table 5 shows a great increase in the solubility of lime and mangesia as well 
as an increase in iron and manganese, which has been noted before. Silica 
and presumably alumina remain much the same as in the beginning, except that 
the solubility of the silica is somewhat increased in the soils containing much 
organic matter. Soils low in organic matter such as the Cecil and Orangeburg 
show very little actual increase in any of the constituents. 

Potash and soda show a considerable actual increase in all cases. There is 
undoubtedly some soil mineral decomposition going on during the long time of 
submergence. The great increase of the lime, magnesia, iron, and manganese, 
due mainly to the presence of carbon dioxide, probably causes base exchange 
processes to be operative. The concentrations of potash and soda would be 
increased by this cause. 

According to the figures given, there is but little increase in the solubility of 
alumina with time of submergence. Stoklasa (31) reports that a specimen of 
marsh water contained 273p.p.m. of alumina. This speciment must have been 
very acid, for Magistad (22) found that a pH of 3,96 was required to hold 200 
parts of alumina in solution. The pH of the solutions examined was not less 
than 5.0, which is capable of holding only about 2 p.p.m. of alumina in solution. 
The presence of other soluble material tends to lower rather than to raise the 
solubility of the alumina, according to Joffe and McLean (15). It is apparent, 
therefore, that the solubility of alumina is not increased by submerged soil 
conditions. 

The solubility of lime is so high under submerged soil conditions that such 
a soil would soon lose all the lime it contained, provided, of course, that there 
was movement of the solution or movement of the lime by diffusion. From a 
comparison of the composition of the solutions given in table 5 with the com- 
position of the soils given in a previous bulletin (26) it can be seen that soils 
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long submerged would contain little but silica and alumina. This depletion 
of essential elements is given by Hilgard as a prominent cause of the unpro- 
ductiveness of poorly drained soils. 


EFFECT OF CARBON DIOXIDE ON TIIE SOLUBILITY OF SUBMERGED SOIL 

CONSTITUENTS 

It will be shown later that gases formed from submerged soils contain carbon 
dioxide. Solutions saturated with this gas have the property of dissolving 
large quantities of lime and magnesia, as is well known. If a flask partially 
filled with some of the more concentrated submerged soil solutions is evac- 
uated, precipitation of manganese, iron, calcium, and magnesium takes place. 
Those elements are evidently held in solution by carbon dioxide. It is self- 
evident that the solubility of lime and magnesia in soils would be increased 


TABLE 6 

Influence of carbon dioxide on the solubility of manganese 


SOILS AND LOCATION 

MnO DLSSOLVl 

Distilled HjO 

:d in 24 hours 

COi-saturated H*0 


ppm. | 

p.p.m. 

Bermudian silt loam, Virginia 

0 9 

15 0 

Louisa loam, Virginia .... 

0 1 

13.9 

Manor loam, V irginia ... ... 

2 9 

28 9 

Penn loam, Virginia 

2 0 

23.8 

Penn silt loam, Virginia. . 

1 2 

3 3 

Sassafras loam, District of Columbia ... • j 

i 

1.0 

3.6 


by bubbling carbon dioxide through the soil. Presumably the solubility of 
iron and manganese would be likewise increased. Some experiments were 
carried out in this connection. A slow stream of carbon dioxide was bubbled 
through a one to five mixture of soil and water for 24 hours. Manganese 
was determined in these solutions and also in solutions of the same soils in 
the absence of carbon dioxide. The results are given in table 6. 

Table 6 shows that the solubility of manganese is greatly increased by the 
presence of carbon dioxide. Several factors are operative here. The reaction 
is made more acid, calcium and magnesium go into solution as bicarbonates, 
and a greater exchange of bases takes place. The solution being saturated with 
carbon dioxide, any manganous or ferrous compounds formed would be dis- 
solved by the carbon dioxide. The solubility of iron is presumably increased 
by the presence of carbon dioxide, for there is every reason to believe it would 
act like manganese in this respect. 
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INFLUENCE OF AIR VOIDS ON THE DEVELOPMENT OF SOLUBLE IRON AND 

MANGANESE 

In the experiments on the development of soluble iron and manganese, 
(table 4) some air was let into the bottles when samples of the solution were 
taken. It seemed possible that the oxygen of the air admitted would have 
some effect on the solubility of the iron and manganese, though the volume 
of air was comparatively small. To test this point, three soils were submerged 
in such a manner that nitrogen instead of air replaced the withdrawn solution. 
Samples were withdrawn at an interval of 30 days. The iron and manganese 
contents of the resulting solutions are given in table 7. 

It is apparent that the introduction of such quantities of air are not signifi- 
cant but it is not to be concluded that soil solutions are independent of the 
presence or absence of air. When solutions from submerged soils are allowed 
to stand in an open beaker they become cloudy, and a reddish brown precipitate 
soon forms. The same precipitate is formed when air is slowly bubbled 


TABLE 7 

Comparison of iron and manganese solubilities in stoppered bottles with air and nitrogen voids 




30 DAYS DURATION. 1 5 


SOIL AND LOCATION 

Nitrogen-filled voids { 

Air-filled voids 


FeiOi 

MnO 

FesOi 

MnO 

Canitigton loam, Iowa 

| p.p.m. 

34 

p p** ; 

8 0 

f.f.m. 

! 31 

ppm, 

9.6 

Chester loam, Virginia 

18 

11 6 

! 16 

10 2 

Hagerstown loam, Maryland 

14 j 

6.6 

12 

7.6 


through the solution. The iron is first deposited. Long continued contact 
with air produces a separation of a portion of the manganese. 

THE REACTION OF SUBMERGED SOIL SOLUTIONS 

The reaction of submerged soil solutions is of interest in connection with 
the toxicity cf such solutions. It is also important as a possible cause of the 
greatly increased solubility of the bases, particularly of ferrous iron and man- 
ganese. The solubility of the last two named elements is greatly increased with 
increasing hydrogen-ion concentrations of soil solutions. 

It is commonly supposed that submerged soil solutions are more acid than 
aerated solutions of the same soil. On the contrary, Gillespie (8) and Subra- 
raanyan (32) have found that submerged soil solutions are less acid than aerated 
solutions. Subramanyan found that the nitrogen compounds in the rice paddy 
fields rapidly develop ammonia, which decreases the hydrogen-ion concentra- 
tions. 
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The hydrogen-ion concentration of a number of soils and solutions resulting 
from 60 days submergence has been measured. In all cases, as shown in table 
9, the gas in contact with the solutions contained carbon dioxide. The appara- 
tus used to measure the hydrogen-ion concentrations was of the bubbling cell 
type and is not particularly well adapted for this purpose, since the dissolved 
carbon dioxide is rapidly displaced by the hydrogen. The readings were there- 
fore taken as quickly as possible and another reading was taken after the 
hydrogen had been bubbled through the solution for 60 minutes. The results 
are given in table 8. 

Table 8 shows that die reading when first taken was usually about pH 6. 
The readings were very variable and rose rapidly at first. The Cecil and 
Orangeburg series behaved differently from the others. There was very little 


TABLE 8 

Reaction of certain soils and submerged soil solutions 




SOLUTION 

SOILS AND uk:ality 

SOIL 

First read- 
ing 

After 60 
minutes 
bubbling 


pu 

pH 

pn 

Carrington loam, Iowa ... 

5.18 

7.2 

7 60 

Cecil clay loam, (leorgia 

5 44 

6 0 

6 22 

Chester loam, Virginia 

6 33 

6 5 

| 8 10 

Chester loam. Maryland 

6 50 

6 6 

8.00 

Clarkesville silt loam, Tennessee 

6 20 

5 5 

7 93 

Hagerstown loam, Maryland 

7 58 

6 2 

8 53 

Huntington loam, Maryland 

5 S3 

6 6 

8 36 

Manor loam, Maryland 

5 80 

6 0 

7 93 

Orangeburg line sandy loam, surface, Mississippi 

1 5 12 | 

4.5 

4 48 

Orangeburg fine sandy loam, subsoil, Mississippi 

| 4 70 

4 7 

4 70 

Wabash silt loam, Nebraska . . 

i 

6 0 

7 50 


change in the Teachings with time in these two soils and the Orangeburg surface 
changed to a lower rather than a higher reading with time. Table 8 shows that 
the Cecil and Orangeburg soils developed very little soluble constitutents with 
submergence, a property doubtless connected w ith this behavior. 

After hydrogen had been passed through the solution for about an hour 
the majority of the readings became constant (for any one soil) at a pH value 
varying between 7.5 and 8.5. This point is probably governed by the reaction 
of the carbonates precipitated from the solution by the displacement of the dis- 
solved carbon dioxide by hydrogen. 

The foregoing values were taken after the solution had been submerged 60 
days. Since Subramanyan (32, 33) has shown that submerged soils give 
off ammonia at some stages of submergence, it is possible that these solutions 
might have been alkaline at some earlier stage. It would be difficult to recon- 
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die this with the observed continually increasing concentration of iron and 
manganese in solution. It would seem that the pH would be governed by the 
carbon dioxide evolved and this was sufficient to nearly saturate the solution 
each time when tested. 


GASES FROM SUBMERGED SOIL 

In nearly all the experiments it was noticed that gas was given off by the 
submerged soil mass. The solutions are therefore saturated with these gases 
and their composition may be expected to have an influence upon the toxicity 
of the solutions. A study of the composition of these gases was therefore 
undertaken. 

The gases from submerged soils may be expected to resemble the gas some- 
times arising from marshes. This ‘‘marsh gas” consists mainly of methane 
with a small quantity of carbon dioxide, and occasionally hydrogen is reported. 

Gases from submerged soils owe their origin to the decomposition of organic 
matter by anerobic bacteria. Omelianski (25) has identified a number of such 
soil bacteria. These microorganisms produce mainly methane and hydrogen 
and in some cases small quantities of hydrogen sulfide and mercaptans. 

Harrison and Subramania Ayer (10) determined the composition of a large 
number of gas samples from rice paddy fields. They found that the gas dis- 
lodged by poking the soil in a submerged and recently transplanted rice field 
consisted largely of methane with small quantities of hydrogen, carbon dioxide, 
nitrogen, and oxygen. In the gases arising normally from the surface of a 
growing rice field, methane and hydrogen disappear and the gas consists of 
nitrogen, carbon dioxide, and oxygen. They account for the difference of 
composition of the gases developed by assuming that the blue-green algae 
growing on the paddy fields decompose the marsh gas and convert it into car- 
bon dioxide and water and the hydrogen into water. 

The gases were generated and collected in the following manner. Four 
hundred or five hundred grams of sdil were placed in a 2 \ -liter bottle. The 
bottle was entirely filled with water, making about a one to five mixture. 
After this mixture had stood two or three days the fine bubbles and floating 
organic matter collecting on the top were floated off by water and the bottle 
was stoppered and connected to an inverted flask or eudiometer entirely filled 
with water. In this way water displaced the air in the entire apparatus. 
The connection was so made that the arising gas displaced the water in the flask 
or endiometer. The end of the outlet tube was placed several inches under 
water so there was no opportunity for the air to suck back into the collecting 
chamber. Under these conditions gas commenced to appear after from two 
weeks to two months. The rates of gas evolution varied greatly with different 
soils and at different times with the same soil. In one case 1,000 gm. of soil 
yielded 250 cc. gas daily; with another soil about 5 cc. was given off in the same 
time. In general, the gas evolution was more rapid at higher than at lower 
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temperatures. In all cases gas was eventually produced. No attempt was 
made to effect microbiological control. The analyses of the gases obtained 
are given in table 9. 

The analyses given in table 9 show the gases to be mainly methane, generally 
with some hydrogen, nitrogen, carbon dioxide, oxygen, and in some cases 
carbon monoxide. Qualitative examination showed the presence of a small 
quantity of sulphur in the gases. 

The observations of Harrison and Subramania Ayer (10) are confirmed with 
respect to the disappearance of hydrogen and the formation of a large quantity 
of nitrogen in submerged soils where blue-green algae are present. It will be 
noted that no hydrogen was given off by the Carrington, Hagerstown, Cecil, and 
one sample of the Wabash soils. The solutions from these soils supported a 


TAHLE 9 

Composition of gases from submerged soils 



i 

SR 

! c 

! 1 

j * l 

i h j 

1 O ' 

1 g 

l S i 

« i 

55 

u 

8 

CARBON 

DIOXIDE 

CARBON 

MONOXIDE 

OXYGEN 

w H 

3* 

1* 


* ! 

| per ( ml 

i ' ~’i 

per cent 

Per cent 

per cent 

ptr cent 

Per cent 

Per cent 

Carrington loam* . 

.. i 06 0 

None ' 

20 1 

8.6 

None 

3.7 

None 

Cecil day loam* . . 

! 54 -S 

! None | 

35 8 

6.8 

Xonc 

2.7 

Xone 

Chester loam 

. ! 07 5 

j 7 8 | 

14 7 

4.7 

Xone 

3.2 

2.1 

Hagerstown loam* 

1 SS 2 

Xone j 

30 1 

7 5 


4.2 

None 

Huntington loamt 

. : 64 0 

j 15 9 


1 8 

2 8 


0.8 

Huntington loam . . 

: (>4 8 

| 16 3 | 

7 3 ! 

3 9 

3.2 

3.2 

1.2 

Huntington loam 

j 66 8 

' 24.2 I 

1 9 

3.1 

3.0 



Orangeburg line sandy loam 

; 65 7 

i 12 5 | 

11.8 

3.7 

Xone 

3.8 ; 

2.5 

Wabash silt loamf 

47 0 

j 25 0 ! 


3.7 




Wabash silt loam* . . 

! 16 2 

Xone 1 

62 8 

15.2 

Xone 

5.8 

None 


* These mixtures supported a heavy growth of blue-green algae. 

t There was some air contamination in these samples and consequently a complete analysis 
was not made. 


heavy grow ih of blue-green algae. The methane of the gases from three of 
these four soils is lower than the gases from the other soils and the nitrogen is 
very much higher. The blue-green alga has been identified by N. R. Smith of 
this bureau as a member of the Chlamvdomonos group. When blue-green 
algae appeared soon after the submergence of the soil the evolution of gas 
was invariably delayed and the evolution proceeded at a much slower rate than 
w'here no algae were present. 

The occurrence of carbon monoxide appears to be unusual in marsh gas, and 
the analysis was checked in several ways. The percentage of carbon monoxide 
was determined by absorption by cuprous chloride, bnder some conditions 
the alkaline pyrogallol used for the absorption of oxygen, previous to the car- 
bon monoxide determination, may give off some carbon monoxide. However, 
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several analyses made on gases from other soils in the same manner showed only 
a trifling absorption, within the limits of experimental errors. The presence of 
carbon monoxide in the two different samples of gas from the Huntington loam 
was confirmed by tests with Hoolamite tubes (12). Tests with these tubes on a 
sample of gas from the Huntington loam showed the presence of a compara- 
tively large quantity of carbon monoxide. Gases from the Wabash and 
Hagerstown soils, which showed a carbon monoxide absorption so trifling as 
to be well within the limits of experimental error, gave no test for carbon mon- 
oxide by the Hoolamite tubes. The presence of carbon monoxide in gases from 
submerged soils seems never to have been reported. Lbhnis (21), Mulder (23), 
and Corenwdnder (5) report the formation of small quantities of carbon monox- 
ide from manure. Langdon (18) found that the gases of the floaters of the 
giant help contained from 1 to 12 per cent carbon monoxide. 

The composition of the gases has an interesting relation to the composition of 
the solutions. In all cases carbon dioxide was present in the gas phase in 
considerable quantities and ferrous iron, manganese, calcium, magnesium, 
and perhaps other elements were held in solution as bicarbonates. The produc- 
tion of carbon dioxide simultaneously with the reduction of iron, and, probably 
of manganese, by the action of the anaerobic bacteria on the organic matter 
accounts for the observed leaching of iron from pooily drained places subjected 
to the “watery maceration” mentioned by Hilgard (12). 

The fact that hydrogen is formed by the microorganisms shows that very 
strong reducing conditions prevail and free ferric oxide can not be expected to 
escape reduction under submerged soil conditions. 

The quantity of hydrogen sulfide, mercaptans, and other sulfur-containing 
gases formed is, of course, limited by the quantity of sulfur in the soil. Al- 
though there is a very small quantity of sulfur in the evolved gases, or in the 
solution, there is considerable ferrous sulfide deposited on the sides of the con- 
taining bottle and throughout the soil mass. In the Huntington loam, more 
than three-quarters of the total sulfur had been converted to sulfides after 60 
days submergence. This was shown bv the quantity of hydrogen sulfide evolved 
on boiling the submerged soil with dilute hydrochloric acid. Murray and 
Irvine (24) found a similar precipitation of iron sulfide in the blue muck of the 
littoral sea bottom when the mud was mixed with decaying organic matter 
and allowed to stand under water. Rost 1 27) found sulfides of iron in the lower 
layers of certain Minnesota peats. 

The quantity of organic matter consumed in the production of methane, 
carbon dioxide, and hydrogen presents an interesting phase of this work. 
From 100 gm. of Carrington loam 1,365 cc. of gas was produced in about three 
months. This quantity of gas contained 0.69 gm. methane and 0.2 gm. carbon 
dioxide. On the assumption that this material is derived solely from the 
organic matter ol the soil it represents about 25 per cent of the organic matter 
present. A sample of the Huntington showed a more rapid decomposition. 
A kilo of this soil yielded 250 cc. gas daily. At this rate the organic matter 



CHEMICAL rilASES OF SUBMERGED SOILS 


211 


would be exhausted in about 60 and 70 days. Probably a larger quantity of 
organic matter went into the solution and into the bodies of the bacteria. 
Hence the disappearance of soil organic matter under submerged soil condi- 
tions may be very rapid, as Hilgard (12) suggests. 

The destruction of soil organic matter under submerged soil conditions, 
as described in the foregoing, appears paradoxical in view of the accumulation 
of peat in large quantities in horizons submerged in water. 

An explanation may be found in the creation of a toxic condition in thg peat, 
as Jeffrey (14) has held. Waksman, 2 however, considers that bacteria do 
not function in peat because they are unable to subsist on the lignin \Uiich is 
the only carbohydrate left in peat, the cellulose and other carbohydrates having 
disappeared in the earlier stages of peat formation. The organic matter of the 
recently submerged soils would contain organic matter other than lignin and 
therefore support the growth of bacteria. I. C. Feustal of this bureau reports 
some experiments that are significant in this connection. lie submerged three 
samples of a peat profile and measured the gases given off. After six months no 
gas had been given off by the samples from the deeper profiles, and the surface 
sample had given but a few cubic centimeters. The deeper samples were then 
inoculated with a very active submerged soil and in four months no gas has 
been given by those samples. Thiesscn, Reinhardt, and Johnson (34) consider 
it proved that bacteria exist and function in peat at ail depths. In view of Mr. 
Feustal’s experiments, however, we arc forced to conclude that some samples of 
peat do not contain gas-producing bacteria and furthermore are toxic to such 
bacteria. Jeffrey (14) holds that yellow spores of bacteria are present even in 
coals and appear as indestructible as the gold they resemble. He considers 
that peat in the deeper protde is antiseptic and bacteria arc prevented from 
growth thereby. The toxicity, however, is not sufficient to kill the spores, 
which may develop under proper conditions. Jeffrey’s viewpoint seems to 
clarify the situation. If sjxires are present and can germinate, cultures would 
be obtained when peat samples were put in the proper environment, but it 
would not follow that bacteria were functioning in the peat. 

Gillespie (8) has shown that a strong reduction potential is set up in a few 
hours in soils submerged by a thin lilm of water in an open beaker. A disagree- 
able odor is developed as the reduction potential is set up. This odor is due to 
hydrogen sulfide oi other hydio-sultides. In this laboratory it has been found 
that the foul odor develops generally with soils in a short time after an air-dried 
sample is submerged. These facts suggest two deductions: hirst, it is appar- 
ent that theanerobic bacteria develop rapidly in all soils when the proper con- 
ditions obtain; and, second, the sulfur in the soil is rapidly changed to sullides. 
The strong reduction potential has a bearing on the toxicity of submerged soil 
solutions and will be discussed later. 

* Privately communicated. 
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TOXICITY OF SUBMERGED SOILS 

Livingston (20) showed that bog water usually contains some toxic sub- 
stance. Dachnowski (6), following the procedure of Breazeale (1) on aerated 
soil solutions, showed that the toxicity of bog watets is decreased by being 
shaken with carbon black or calcium carbonate. He also showed that the 
toxicity of these waters is not due to acidity nor to lack of oxygen. 

Experiments reported earlier in this work show that bog waters and sub- 
merged soil extracts are high in manganese and ferrous iron and that sulfides 
are present. 

Manganese in the concentrations found is clearly toxic to some plants but not 
to others. Skinner and Reid (30) found that there was a beneficial effect of 
manganese on wheat seedlings in concentrations as high as 50 p.p.m. Bren- 
chley (2) found 4 p.p.m. toxic to peas. Gbssl (9) states that marsh and water 
plants contain more manganese than do land plants. Evidently marsh and 
w r ater plants tolerate much more manganese than do land plants, and other 
examples could be cited to show r that manganese is much more toxic to some 
land plants than to others. 

With ferrous iron the case is very different. Ferrous iron appears to be 
toxic to land plants in general in concentrations even as low- as 3 to 5 p.p.m. 
There is great difficulty in keeping the iron in a ferrous condition in culture 
solutions and it is probable that lower concentrations of ferrous iron are toxic. 
Ruprecht, (28) found that 4 p.p.m. of ferrous iron was toxic to clover seed- 
lings, and Hartwell and Pember (11) showed that 3 p.p.m. was toxic to barley 
and rye. Skeen (29) found 1 to 2 p.p.m. to be toxic to lupines and Phaseolus. 
Practically all surface soils containing more than a very small quantity of 
organic matter develop sufficient ferrous iron to be toxic after being sub- 
merged a few days. 

Sulfides are produced in all submerged soils. This can be shown by passing 
the gas over lead acetate paper, by the blackening of the soil mass, and by treat- 
ment of the blackened soil with hydrochloric acid with the evolution of hydro- 
gen sulfide. The presence of sulfide-forming bacteria in soils is general, accord- 
ing to Waksman, (35). 

Hydrogen sulfide in all concentrations is very poisonous to plants. The con- 
centration in soil solution is never large, being regulated by an excess of iron 
and other bases in solution. On the other hand, the sulfide concentration is 
increased by the fact that the solubility of ferrous sulfide is increased by the 
acidity due to the carbon dioxide in solution. The solution of the Huntington 
loam after 60 days submergence contained about 14 p.p.m. of soluble sulfides. 

Stoklasa (31) reports as high as 273 p.p.m. of alumina in marsh water. Our 
analyses show only 1 or 2 p.p.m., and the pH of the solutions is such that there 
can be little alumina in solution. The toxicity of submerged soil solutions 
therefore cannot be due in general to dissolved alumina. 

Nitrites, which are also toxic, develop when well-aerated soils are submerged. 
Kelley (17) found that when nitrates were added to rice pot cultures and the 
cultures submerged, nitrites rapidly developed in toxic quantities. 
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The gaseous constituents present in small quantities such as illuminants, 
mercaptans, and occasionally carbon monoxide, although toxic, are present 
in such small quantities as probably to be of little importance. 

The toxicity of submerged soils is therefore due to several constituents of 
which sulfides and ferrous iron are probably the most important. Toxic con- 
centrations of these develop rapidly after the soil is submerged. 

DISCUSSION OF RESULTS 

The high manganese and iron content of bog waters and of submerged soil 
solutions has not been emphasized by earlier workers in discussions of the toxic- 
ity of such waters. The concentration of manganese observed in submerged 
soil solutions is not always sufficient to be toxic. With iron and probably 
hydrogen sulfide, toxic concentrations develop rapidly. It is quite possible 
that the toxic concentrations of iron, manganese, and hydrogen sulfide observed 
may be but an effect of a general reducing condition which, in itself, is the main 
and most quickly effective toxic agent. 

Dachnowski (o> has stated that the toxicity of bog waters is not due to the 
lack of dissolved oxygen. \\ hen the surface of the water is open to the air, as 
in natural conditions, oxygen diffuses rather rapidly from the top downward, 
as Subramanvan fS2) has shown. In such submerged soils, whether the reac- 
tions are oxidizing or reducing, will depend upon the rate at which oxygen is 
consumed by the microbiological activities compared to the rate of oxygen 
diffusion from the surface. In the experimental work reported here, however, 
there can be but very little dissolved oxygen after that originally present in the 
water has been c onsumed by microorganisms or displaced by the evolution of 
other gases. The reducing action in submerged soils protected from the air is so 
intense that hydrogen is commonly given off. The chemical reaction going on 
under these reducing conditions must be radically different from reactions tak- 
ing place in aerated soil solutions. The reducing action of submerged soils 
must in itself be toxic, for it is not to be supposed that the plant can carry on 
the same normal root absorption in a reducing environment that it does under 
oxidizing conditions. The lack of dissolved oxygen in submerged soil solutions 
must be an important factor in studies of the toxicity of such soil solutions. 
It is beyond the scope of this paper to consider the action of reducing condi- 
tions, per se, on the plant. The discussion is therefore confined to such specific 
effects of this reducing condition as the increase in the concentration of certain 
inorganic constituents and the production of sulfides. 

The experiments performed give us very little idea of the time necessary for 
soils to become toxic after submergence. In general, toxic concentrations for 
iron are developed within 8 days. Concentrations of manganese sufficient to 
be toxic are not always developed in this time. The soils used in the experi- 
mental work were air-dried. Since the microorganisms are more active in 
fresh soils in place, it is probable that soils submerged under field conditions 
would develop toxic concentrations of manganese and iron in considerably less 
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than 8 days. Soils submerged for 24 hours generally develop a foul odor, and 
hydrogen sulfide can be detected in the soil gases. 

There is reason to believe that the subsoil solution may differ considerably 
from that of the surface soil particularly in the iron and manganese content. 
The subsoil is frequently submerged when the surface soil is not, and part of the 
surface soil solution has access to the air. Some data recorded have shown that 
subsoil solutions, taken at the lowest depths of the B horizon, are considerably 
higher in iron and manganese than the corresponding surface soil solutions. 

It is probable that considerable solid matter is transferred by circulation and 
diffusion from a part of the soil which is submerged to another part having 
access to the air. Ordinarily this process w’ould w T ork in the direction of the 
depletion of the lower horizon and the enrichment of upper horizons having 
both an oxidizing reaction and contact with the solution of the submerged 
horizon. Mottled spots in poorly drained soils doubtless owe their origin to 
some such process as this. 

Some time ago Comber (4) advanced the hypothesis that plants must be able 
to absorb colloidal iron from the soil, since the iron found in the soil solution 
was totally inadequate to account for the iron found in the plant. Plant roots 
extend into the subsoil and even below. When the waiter table is high it would 
be a very easy matter for the solubility of the iron to be so increased as to make 
considerably more iron available to the plant. The same submerged subsoil 
conditions which cause more soluble iron should also cause more soluble cal- 
cium, magnesium, and manganese. 

Poor plant grovrth on soils that have been submerged but later adequately 
drained, may be due to lack of essential elements. Hilgard (12) has discussed 
the destructiveness of this “watery maceration,” and the results given here 
have shown how much more soluble iron, manganese, calcium, and magnesium 
are produced under submerged soil conditions than under conditions of good 
drainage. The destruction of the organic matter or certain parts of it, at 
least, goes on w r ith surprising rapidity.' 

In poorly drained spots w here there is no loss of inorganic elements by slow 
leaching or diffusion, the loss of organic matter still goes on, and it is apparent 
that practically all the available organic matter would be consumed by the 
microorganisms at a rapid rate. Unless organic matter was being added to 
such a soil by plant growth, the lack of organic matter w'ould be a serious 
problem if the soil w ere reclaimed by drainage. 

The increase in the solubility of iron under submerged soil conditions has an 
interesting application in some problems of plant physiology. Gile and 
Carrero (7) found that rice plants suffering from lime-induced chlorosis when 
grown in a limestone soil, turned a normal green color when the soil was sub- 
merged for 10 days. The correct explanation of this observation was given by 
Johnson (16), who reasoned that the reducing conditions brought about by sub- 
merging the soil so increased the solubility of the iron as to overcome the chlo- 
rosis. Pineapples grown on Hawaiian soils high in manganese suffer from chloro- 
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sis due to lack of available iron. Liberal applications of stable manure to the 
high manganese soils of Hawaii prevent chlorosis of the pineapples, though this 
treatment is not so effective on lime-induced chlorosis in Porto Rico. Presum- 
ably the beneficial action of stable manure on the Hawaiian soil is due to the 
reduction of the insoluble ferric compounds to soluble ferrous compounds. 
Green manuring should also effectively bring about reducing conditions and is 
a possible clue to the cure of chlorosis under some conditions. 

The facts brought out by this work have a possible bearing on the selection 
of materials for construction of water gardens. Surface soils high in organic 
matter and also high i.i manganese and iron will yield a solution high in iron 
and manganese. Whereas water plants are probably tolerant to higher con- 
centrations of these elements than are land plants, there may be plantings 
which would be injured by too high concentrations. On the other hand, old 
leached water gardens may be rejuvenated by the addition of surface soils 
rich in organic matter, iron, manganese, and other elements that have been 
leached away. The addition of soils high in manganese and iron but having no 
organic matter will have little effect in increasing the soluble iron and man- 
ganese, since in the absence of organic matter there is no reducing action to 
increase the solubility of these elements. 

'The presence of carbon monoxoide in the gases from some submerged soils 
has a bearing on the unhealthy conditions observed in some swamps. It 
is not claimed that marsh gas normally contains carbon monoxide but it is 
believed that under some conditions marsh gas may contain small quantities of 
carbon monoxide. 


SHIM \RY 

1. Submerged soil solutions are radically different from aerated soil solu- 
tions in that they contain high concentrations of iron and manganese. The 
iron and manganese are present as proto bicarbonates. Submerged soil 
solutions are also high in calcium and magnesium and contain hydrogen sulfide 
and other sulfides. 

2. The high concentration of iron, manganese, calcium, and mangnesium is 
caused indirectly by the microbiological action on the organic matter, which 
produces carbon dioxide along with other gases. It is the carbon dioxide that 
is mainly responsible for holding the iron, manganese, calcium, and magnesium 
in solution. 

3. In the absence of organic matter the solubility of iron, manganese, cal- 
cium, and magnesium is not increased under submerged soil conditions. 

4. Soils are not made more acid by sumbergence for short periods except by 
such acidity as is due to carbon dioxide and bicarbonates. 

5. All normal soils containing organic matter, w'hen submerged, eventually 
produce gas. This gas production is retarded by blue-green algae of the 
Chlamydomonos group. When blue-green algae are absent, the gas consists 
mainly of methane and hydrogen. In the presence of the algae the hydrogen 
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and part of the methane are decomposed. Under these conditions the gas is 
mainly nitrogen and carbon dioxide with variable quantities of methane. 

6. Soil organic matter in aerated soils disappears, in some instances very 
rapidly, when the soils are submerged. 

7. Submerged soil solutions develop toxic concentrations of ferrous iron, 
sulfides, and commonly manganese. Toxic concentrations of these elements 
are occasionally developed in bog waters and in solutions of poorly drained soils, 
and they are invariably developed in submerged soils protected from the air. 
Soils that have been submerged for a long time may be so profoundly leached 
of calcium, mangesium, manganese, and iron that they will not support plant 
growth. 

8. Toxic concentrations of ferrous iron and sulfides develop in a few days 
after submergence. Toxic concentrations of manganese develop somewhat 
more slowly. 
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The physiological characteristics of the legume bacteria have been studied 
by a number of investigators in recent years for the purpose of developing a 
laboratory method which would serve to differentiate the various cross-inocula- 
tion groups. Among the more promising physiological tests that have been 
used for this purpose are those imolving the fermentations of carbohydrates 
and other carbon compounds. 

Baldwin and I'rul il) reported that when these organisms were grown on 
agar media of low buffer capacity and containing brom-thymol-blue, their 
fermentation characters were sufficiently definite to permit of a separation 
into groups corresponding to the groups established by cross-inoculation tests. 
They report further, that in many of the cross-inoculation groups, subdivisions 
could be established by this method of differentiation. Such subdivisions 
were made in the alfalfa and clover groups. 

Studies on the physiology of these bacteria by Walker (6) showed that there 
was a wide variation among organisms of the same cross-inoculation groups 
when they were compared on the ba>is of their ability to change the reaction 
of sugar media. It was also pointed out that the variations in this action were 
as great within a single cross-inoculation group as among the organisms of 
different groups. The results of the fermentation tests were such that it did 
not appear justifiable, however, to separate the strains of the organisms into 
subgroups within the cross-inoculation groups. 

Schdnberg (5) studied the behavior of 18 strains of legume bacteria, represent- 
ing a number of the more common species, on nutrient carbohydrate agar con- 
taining brom-thymol-blue. These organisms were also studied in solution 
cultures of the same media without agar. The carbohydrates used were glucose, 
galactose, xylose, and sucrose. It was found that the solution cultures were 
better suited for differential diagnostic purposes because of the wider variations 
in reaction changes produced. Schdnberg concluded that the differences in 
reaction changes were not constant enough to serve a;* a basis for characteriz- 
ing anil separating the legume nodule bacteria. 

It should be noted that Schdnberg studied only one strain of some species of 
this group of bacteria, which was the case for Rhizobium mclUoli , and only a 
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few strains of other species. Two strains of Rhizobium japonicum were studied. 
Whether a true picture of the behavior of a group of organisms toward carbo- 
hydrate media can be obtained by studying only one or two strains of organ- 
isms of that group is very doubtful. In fact, the data presented by Schonberg 
indicate that there are significant differences in fermentative ability among 
strains of a single species. 

Because of the apparently great variability in the fermentative powers of 
different strains of single species of the legume bacteria, and since this physio- 
logical characteristic has been used as a differential character in the separation 
of species (2), it was purposed to study this question in further detail in order 
to ascertain, if possible, the extent of the variations, and also to study the 
constancy of the fermentative power of individual strains of bacteria. 

PRELIMINARY STUDIES 

As a preliminary measure of the fermentative characters of these bacteria, 
a number of individual strains of organisms from the various cross-inoculations 
groups were grown on agar slants containing different indicators. A basic 
culture medium of the same composition as that employed by Baldwin and 
Fred (1) was used. It had the following composition: 


Dibasic potassium phosphate 0 5 gm. 

Sodium chloride 0 2 gm. 

Magnesium sulfate 0 2 gm. 

Calcium carbonate 5.0 gm. 

Agar 15.0 gm. 

Sugar 10.0 gm. 

Yeast extract 100.0 cc. 

Distilled water 000 0 cc. 

Indicator, 0.5 per cent alcoholic sol 5 0 cc. 


The reaction of the medium was adjusted to pH 7.0. The indicators used 
were brom-thymol-blue, and brom-cresol-purple. Glucose, galactose, and 
mannose were used as sources of energy. The results of these tests were quite 
interesting, especially when the strains of Rhizobium meliloli (2) and Rhizobium 
japonicum were compared. The majority of the meliloli strains produced an 
acid reaction, which resulted in a yellowish color when brom-cresol-purple 
was used as indicator in the agar. On the other hand, the majority of the 
japonicum strains produced an alkaline reaction and changed the indicator to 
a deep red. In the first comparison of the groups as a whole, the strains 
of the two species appeared to be distinctly differentiated by this test, but after 
closer observation it was noted that not all of the meliloli strains produced an 
acid reaction in the medium. The indicator was not changed in some tubes, 
and was even a deeper red in other tubes than in the uninoculated control tubes. 
Likewise, not all of the japonicum strains produced an alkaline reaction in the 
medium, and in such cases the indicator remained unchanged in color or only 
slightly changed. 
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The same variations were noted when brom-thymol-blue was used in the 
medium, but were not so pronounced because of the different pH range of the 
indicator. The results with this indicator, however, did show marked varia- 
tions in the fermentative abilities of different strains of single species of bacteria. 

Because of the relatively narrow range of a single indicator and the impractica- 
bility of making exact pH measurements on agar slopes by comparison with 
standard indicator solutions, this method of testing the fermentation characters 
of these bacteria was inadequate and only qualitative in nature. 

It was clearly evident from this preliminary work that in order to make a 
detailed study of the constancy of the fermentative power of a single strain of 
bacteria and to study the extent of the variability among strains of the same 
species of this physiological character, the work must be put on a quantitative 
basis. In order to do this the following method was adopted after a number of 
preliminary trials had been made. 

METHODS USED 

A culture medium of the same composition as that employed in the prelimi- 
nary studies, except that no agar or indicator was added, was prepared and 
sterilized in flasks containing an amount sufficient for each separate test. 
Sugar was then added at the rate of 1 per cent of this sterile solution. The 
sugars used were glucose and galactose. After the sugar was completely 
dissolved the solution was pipetted into 50-cc. Erlenmeyer flasks, 10 cc. 
being placed in each flask. The flasks were plugged and sterilized in the auto- 
clave at 15 pounds pressure for 15 minutes. The solutions were then inocu- 
lated with a loopful of bacteria taken from a young agar slant. The cultures 
were incubated at about 28°C. for 100 hours, after which time pH measure- 
ments were made bv the quinhvdrone electrometric method. 

The change in hydrogen-ion concentration in the medium was taken as a 
measure of the fermentative ability of the strain of organisms in that medium. 
To serve as a control in these tests, two or three flasks of the uninoculated cul- 
ture medium were incubated along with the inoculated cultures. The differ- 
ence between the pH of the control cultures and the inoculated cultures was 
considered to represent the change in reaction produced by the organisms. 

The small Erlenmeyer flasks were used instead of test tubes, as the organ- 
isms were found to produce greater reaction changes when grown in a shallow 
layer of solution having a comparatively large surface exposure. 

For these studies 23 strains of Rhizobium meliloti and 12 strains of Rhizobium 
japonicim were used. The fermentation powers of these organisms were 
tested in the glucose and galactose media under similar conditions a numberof 
times in order to determine the extent of the variations among strainsandthe 
constancy of each individual strain. 

RESULTS 

The 23 strains of Rhizobium meliloti were grown in the yeast-water-glucose 
medium in eight consecutive tests, and in the yeast-water-galactose medium 
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in five consecutive tests. The results of these tests are given in tables 1 and 
2 respectively. The 12 strains of Rhizobium japonicum were likewise grown 
in the yeast-water-glucose medium in five consecutive tests and in the yeast- 
water-galactose medium in five tests. The results obtained in these tests 
are shown in tables 3 and 4. 


TABLE 1 


Changes in reaction produced by 23 strains of Rhizobium met i loti in eight consecutive tests in a 

yeast-watcr-glucosc medium 


Incubated 100 hours. Results expressed as pH 


STS AIM 

l 

2 

3 

4 

5 

6 

7 

i 8 

Control 

6.82 

6 55 

6 87 

6.75 

6.76 

6.79 

6.79 

6.79 

1 

5.84 

6.54 

6.04 

6.00 

5 90 

6.38 

5.97 

6.30 

2 

7 55 

7 24 

7.77 

7.05 

7.44 

7.25 

7 28 

7.27 

3 

6.10 

6 20 

6.34 

6 32 

6.28 

6.20 

6.23 

6 25 

4 

5 85 

6 09 

6 04 

6.17 

5.95 

6.68 

6.69 

6.78 

5 

6.00 

6 22 

6 21 

6 29 

6.14 

6.25 

6.21 

6.28 

6 

5 77 

6.12 

6 02 

6 05 

5 89 

5 97 

5 90 

6.03 

7 

6 52 

6 70 

6.75 

6 79 

6 43 

6 61 

6 49 

6.51 

8 

6 13 

6 27 

6 31 

6 19 

6 11 

6 31 

6.33 

6 30 

9 

5 77 

6 20 

6 09 

0 07 

5 93 

6 17 

6.08 

6 18 

10 

6.23 

6 30 

6 36 

6.32 

6.30 

6.28 

6 21 

6.32 

11 

5 74 

6.30 

5.78 

5 57 

5.61 

0.13 

6 25 

! 6.11 

12 

5 99 

6.06 

5.99 

6 01 

5 95 

6.05 

6 01 

j 6 00 

13 

5.84 

6.17 

6 00 

6 05 

6 03 

6 17 

6 00 

6 00 

14 

5.64 

6.01 

5 71 

5.66 

5.61 

5 87 

1 5 68 

5.77 

15 

5 85 

6 16 

5.38* 

5.59* 

5 94 

6 05 

6 08 

6 17 

16 

6.70 

6 67 

6.89 

6.83 

6 80 

6 87 

6 85 

6 82 

17 

6.78 

6.86 

7 04 

6.88 

6 92 

6 93 

6 93 

6.93 

18 

5.94 

6.61 

6 02 

5.98 

5 91 

6 25 

6 28 

6.18 

19 

5.94 

6.22 

5 92 

5 78 

5 99 

6.20 

6.25 

6.17 

20 

6.58 

6 89 

6.63 

6 49 

6 60 

6.83 

6 87 

6 83 

21 

6.10 

6 26 

6.32 

' 6 27 

6 15 

6.32 

6 72 

6.37 

22 

6.00 

6 30 

6.34 

6 39 

6 06 ; 

6 78 

6.37 

6 47 

23 

7.57 

7.18 

7.78 

7 57 

7.63 I 

7.22 

7.27 

7.28 


* These cultures were probably contaminated. 


Constancy of the fermentative powers of individual strains 

It can be seen quite readily from these tables that the reaction changes in the 
consecutive tests with the same organisms on the same medium are very 
similar. This would seem to indicate that the fermentative powers of indi- 
vidual strains of bacteria are approximately the same in the various consecu- 
tive tests, and that the fermentative ability of a particular strain of organisms 
is a comparatively constant character. 

Although the exact amount of change brought about by each strain of bacteria 
was not the same in all tests, it did bear about the same relationship to the 
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changes produced by the other strains of the same bacteria. The variations 
in the conditions under which the experiments were conducted undoubtedly 
are responsible in large measure for the variations in the exact amount of 
change produced by an individual strain of organisms in consecutive tests. 
For example, the reaction of the culture media before inoculation could not be 
brought to exactly the same pH in each test because of the inherent difficulties 
in the methods that must necessarily be employed. Variations in the steam 
pressure during sterilization, and in the length of the sterilization period have 

TABLE 2 

Changes in reaction produced by 23 strains of Rhizobium mcliloti in Jive consecutive tests in a 

yeast- a 'tiler- gal ados c medi um 


Incubated 100 hours. Results expressed as pH 


STRAIN 

1 2 

3 

4 

5 

Control 

6 87 

: 7.00 

6.97 

i 

6.97 

! 

6.97 

1 

6 57 

6 67 

6.41 

6.38 

6.39 

2 

7 07 

6 96 

7.07 

7.15 

7.10 

a 

6 14 

6 37 

6.26 

6 24 

6.28 

4 

6 23 

6.74 

6.26 

6.34 

6.23 

5 

6 17 

6 40 

6.28 

6.30 

6.32 

6 

5 97 

6.12 

6.02 

5.99 

6.14 

7 

6 81 

6 30 

6 68 

6.68 

6.65 

8 

6 34 

6.34 

6 41 

6 42 

6 42 

9 

6 13 

6 42 

6.27 

6.30 

6.27 

10 

6 20 

6 45 

6.23 

6.24 

6.18 

11 

0 29 

5 77 

6 02 

5.88 

5.90 

12 

6.08 

6 10 

6.07 

6.07 

6.07 

13 

6.13 

6 19 

6.14 

6.17 

6.14 

14 

5 67 

5 48 

5.65 

5 59 

5.57 

15 

6 11 

6 22 

6.05 

6.05 

6 02 

16 

6.70 

6 64 

6.65 

6.76 

6.76 

17 

6 81 

6 67 

6.77 

6.82 

6.84 

18 

6 24 

6 44 

6.18 

6.20 

6.18 

19 

6 10 

6.24 

6.27 

6 27 

6.27 

20 

6 87 

6 47 

6.53 

6.67 

6.62 

21 

6 . IS 

6.39 

6.04 

6.41 

6.28 

22 

6.21 

6.39 

6.42 

6.44 

6.39 

23 

6 97 

7.14 

7.12 

7 24 

7.14 


slight influences upon the final {>11 of medium. Only by standardization of 
the methods of procedure can these slight variations be reduced to a minimum. 
In this work, and especially in the later tests, an attempt was made to standard- 
ize the procedure to such an extent as to eliminate, as far as possible, all the 
variations due to this cause In spite of these precautions, however, there 
remained some variations in the media at the time of inoculation. 

Other factors responsible in large part for the variability of the reactions of 
an individual strain of organisms from time to time are the amount of inoculum 
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used and the stage of growth of the organisms at the time of inoculation. 
These factors each have a decided influence upon the rate of growth of the 
organisms, as has been pointed out by Henrici (4) and by Chesney (3). They 

TABLE 3 

Changes in reaction produced by 12 strains of Rhizobium japonicum in five consecutive tests in a 

yeast-water-glucose medium 


Incubated 100 hours. Results expressed as pH 


STRAIN 

l 

2 

3 

4 

5 

Control 

6.82 

6. 55 

6.87 

6.75 

6.76 

1 

7.60 

7.39 

7.77 

7.77 

7.71 

2 

6 85 

7.25 

7.09 

6.79 

6.87 

3 

7.45 

7.58 

7.77 

7.56 

7.79 

4 

7.55 

7.50 

7.71 

7.54 

7.64 

5 

7.58 

7.22 

7.22 

7.49 

7.75 

6 

7.67 

7.32 

7.75 

7.46 

7.66 

7 

7.71 

7.41 

7.78 

7.62 

7.66 

8 

7.62 

7.44 

7.78 

7.44 

7.77 

9 

7.35 

7.30 

7.39 

7 26 

7.33 

10 

7.63 

7.32 

7.77 

7.60 

7.74 

11 

7.65 

7.09 

7.78 

7.62 

7.75 

12 

7.62 

7.36 

7.78 

7.64 

7.73 


TABLE 4 

Changes in reaction produced by 12 strains of Rhizobium japonicum in five consecutive tests in a 

ycast-water-galact ose medium 


Incubated 100 hours. Results expressed as pH 


STRAIN 

l 

2 

3 

4 

5 

Control 

6.87 

6 98 

6 86 

6.86 

6 68 

1 

7.07 

7.53 

7 53 

7.61 

7.58 

2 

6.96 

7.26 ' 

7.24 

7.17 

7 26 

3 

6 91 

7.04 

7.10 

7.02 

6.94 

4 

7.43 

7.51 

7.61 

7.57 

7.58 

5 

7.37 

7.60 

7.57 

7.54 

7.54 

6 

7.17 

7.12 

7.58 

7.56 

7.54 

7 

6.89 

7.68 

7.47 

7.54 

7 53 

8 

7.29 

7.26 

7.36 

7.54 

7.53 

9 

7.55 

7.84 

7.79 

7.70 

7.81 

10 

6.87 

7.71 

7.59 

7.56 

7.56 

11 

7.31 

7.41 

7.57 

7.46 

7.51 

12 

7.11 

6.35 

7.59 

7.51 

7.46 


found that when a culture is transplanted during a period of maximum growth 
rate, it continues to grow at a maximum growth rate in the new medium. But 
if transplanted at a time when the organisms are in the resting period or in 
the period of no growth, they show a lag in the new medium. Henrici states 


FERMENTATION CHARACTERISTICS OF LEGUME BACTERIA 


225 


further, that the morphologic variations of bacteria are but outward mani- 
festations of equally profound variations in the physiology of the organisms. 
He states that there are scattered references in the literature to differences in 
the fermentative power between young and old cultures. 

It is obvious, then, that slight variations in the fermentative power of an 
individual strain of bacteria would be expected in consecutive tests unless such 
factors as the size of inoculum and the phase of growth at the time of inocula- 
tion, were controlled. And even if the size of inoculum wore accurately con- 
trolled, not all of the cells would grow' at the same rate, and there would be a 
selection of the most rapidly growing strain from the inoculum as has been 
shown by Ilenrici (4). It would seem, then, that these factors would influence 
considerably the extent of the fermentation in a limited incubation period. 

It is also very obvious that these factors could not be absolutely controlled 
for routine work. It would be almost impossible to inoculate fermentation 
media in a number of consecutive tests with a large number of strains of 
bacteria, variable as they are in physiology, with the same number of organ- 
isms in the same phase of growth in each case. In the studies reported here, 
however, an attempt to standardize these conditions has been made, by inocu- 
lating with approximately the same size of inoculum, as measured by a loop, 
and by transferring from cultures of approximately the same age. The organ- 
isms of course were not necessarily in the same phase of grow th. 

In spite of the fact that all the conditions of the various tests could not be 
controlled and were not absolutely indentical it seems very evident from the 
data that the fermentative characters of an individual strain of these bacteria 
are fairly constant. 

The fact that individual strains of bacteria reacted similarly in consecutive 
tests, even though the environmental conditions were not absolutely identical, 
seems to substantiate further the conclusion drawn in the foregoing and give 
additional weight to it. It seems very probable that if all environmental 
conditions, such as reaction and composition of the medium, temperature and 
time of incubation, si/e of inoculum and stage of growth of the bacteria used, 
could be controlled in such a way that all tests were conducted under abso- 
lutely identical conditions, the results obtained in the fermentation of a sugar 
by a particular strain of bacteria would be very nearly the same in consecutive 
tests. 


Variations in the fermentative powers of different strains 

These data also indicate quite clearly that there are large variations in the 
fermentation characters of different strains of the same species of bacteria. 
This is shown by the results of the tests in glucose medium with practically 
all the cultures, but especially so with cultures 1, 2, 11, 14, 16, IT, and 23 of 
Rhizobium melUoli and with cultures, 1, 2, l >, and 12 of Rhizobium japotticum . 
In every case, cultures 2 and 23 of the met Hot i species produced a very alkaline 
reaction in the glucose medium; lo and 17 changed the reaction but slightly, 
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making it more alkaline in all but one case; 1, 11, and 14 produced a strongly 
acid reaction in the medium. In the third and fifth tests on the glucose med- 
ium, strain 14 produced a reaction over 100 times as acid as that produced 
by strain 23. Other strains produced reactions intermediate between these 
extremes. In the case of the japonicum strains, 2 changed the reaction but 



Strz&h*s of i>oc+er/o 


Fig. 1. Variations in Amounts of Specific Aridity or Specific Alkalinity Produced 
by 23 Strains of Rhizohium mdiloli and hy 12 Strains of Rhizobium japonicum When 
Grown in Yeast-Water Glucose and Yeast Water-Galactose Media 


slightly in the glucose medium; 1 and 12 produced a rather strongly alkaline 
reaction, and 9 produced an intermediate reaction. Some of the strains of this 
species produced reactions almost ten times as alkaline as those produced by 
strain 2. 

The variations between strains in ability to alter the reaction of media is 
also shown when the data for the fermentation of galactose are compared. 




FERMENTATION CHARACTERISTICS OF LEGUME BACTERIA 


227 


Strains 2 and 23 of the meliloti species made the medium more alkaline in all 
but one case, whereas strain 14 brought about a very strongly acid reaction of 
the medium. Strains 16 and 17 produced only very slight changes in the re- 
action of this medium, making it slightly more acid than the control. Other 
strains varied in their fermentative powers between these two extremes. 

In the case of strain 3 of th t japonic um species a very slight change in the 
galactose medium was produced. Strain 9, however, produced a fairly alkaline 
reaction in this medium. The other strains varied between these extremes in 
reaction effects. 

The extent of the variations in the fermentative powers of different strains 
of these two species of Rhizobium in glucose and galactose media is further 
illustrated in figure 1. In this figure, graphs have been made of the averages 
of the actual amounts of acidity or alkalinity produced in the media. Because 
of the fact that when results are expressed in terms of pH, as they are in the 
tables already referred to, the figures are reciprocals of the logarithms of the 
numbers. When data of this type are [dotted the differences between strains 
appear to be less variable than they really are. For this reason, the actual 
amounts of acidity or alkalinity produced have been plotted in terms of specific 
acidity or specific alkalinity as suggested by Wherry and Adams (7), in order 
that a true comparison of the fermentative abilities of the different strains of 
bacteria may be made. 

These graphs show very clearly the high degree of variation between strains 
of the same species in the ability to ferment glucose and galactose. 

Effects of growth upon different sugars 

Another interesting relationship brought out by these data and shown in the 
graphs, is the fact that the various strains of Rhizobium meliloti ferment 
glucose and galactose with about the same comparative results in the changes 
in reaction. On the other hand, the strains of Rhizobium japonicum do not 
appear to ferment these two sugars in the same manner. 

Comparison of the fermentative powers of different species 

One very important fact shown by these data is that although the reactions 
produced by the majority of the japonicum strains are much more alkaline than 
those produced by the majority of the meliloti strains, this was not true in all 
cases. For example, the reactions produced by the meliloti strains 2 and 23 
were as alkaline as some of the japonicum strains in both of the sugar media. 
Meliloti strain 17 produced a reaction in the glucose medium almost as alkaline 
as some of th q japonicum strains. 

These results would certainly indicate that thefermentation test v ith glucose 
or galactose and under conditions similar to those followed in these experiments 
would not serve to give a distinct separation of organisms of these two species 
of legume bacteria. It would seem that this test alone is hardly sufficient to 
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serve as a differential character in studies with these two species. It is entirely 
possible that after further studies of the physiological characteristics of these 
organisms such a test, when supplemented by others, will prove of distinct 
differential value and aid considerably in the study of the legume bacteria. 

SUMMARY AND CONCLUSIONS 

Twenty- three strains of RJiizobium meliloii and twelve strains of Rhizobium 
japonicum were studied to ascertain the constancy of their fermentative 
characteristics and also the extent of the fermentative variations among indi- 
vidual strains of the same species. These organisms were grown in yeast- 
water-glucose and yeast-water-galactose media in five or more consecutive 
tests. The change in hydrogen-ion concentration in the media was taken as 
a measure of the fermentative ability of the strain of organisms in that medium. 

The results indicate that the fermentative powers of individual strains of 
these bacteria were approximately the same in the various consecutive tests, 
and that the fermentative ability of a particular strain of organisms is a com- 
paratively constant character. 

The data also indicate clearly that there are large variations in the fermenta- 
tion characters of different strains of the same species of legume bacteria. 
Some of the meliloii strains produced a distinctly alkaline reaction in the media 
and others produced a strongly acid reaction in media of the same composition 
Some strains made the media a hundred times as acid as other strains of the 
same species. Some of the japonicum strains produced a very slightly alkaline 
reaction in the media whereas others produced a reaction almost ten times as 
alkaline. 

The various strains of Rhizobium meliloti fermented glucose and galactose 
with about the same comparative results. On the other hand, the strains of 
Rhizobium japonicum did not appear to ferment these two sugars in the same 
manner. 

The majority of the japonicum strains produced a much more alkaline reac- 
tion than the majority of the meliloti strains, but this difference was not true 
for all individual strains. 

These results indicate that the fermentation test with glucose and galactose 
and under conditions similar to those followed in these experiments would not 
serve to give a distinct separation of organisms of these two species of legume 
bacteria. 


REFERENCES 

fl) Baldwin, I. L., and Fred, E. B. 1927 The fermentation characters of the root nodule 
bacteria of the leguminosae. Soil Sd. 24: 217-230. 

(2) Baldwin, I. L., and Fred, E. B. 1929 Nomenclature of the root nodule bacteria 

of the leguminosae. Jour. Bad. 17: 141-150. 

(3) Chesney, A. M. 1916 The latent period in the growth of bacteria. Jour . Exp . Med . 

24: 387-418. 



FERMENTATION CHARACTERISTICS OF LEGUME BACTERIA 


229 


(4) Henrici, A. T. 1928 Morphologic variation and the rate of growth of bacteria. 

Monog. on Gen. Agr., and Ind. Microbiol., v. I., Baltimore, Md. 

(5) Schonberg, L. 1929 Untersuchungen tiber das Verhalten von Bact. radicicola Beij. 

gegeniiber vcrschiedenen Kohlenhydraten und in Milch. Centbl. Bakt. (II) 79: 
205-221. 

(6) Walker, R. H. 1928 Physiological studies on the nitrogen-fixing bacteria of the genus 

Rhizobium. Ia. Agr. Exp. Sta. Res. Bui. 113. 

(7) Wherry, E. T., and Adams, E. Q. 1921 Methods of stating acidity. Jour. Wash . 

Acad. Sci. 11: 197-199. 




A COMPARISON OF SOME NODULE FORMING AND NON-NODULE 
FORMING LEGUMES FOR GREEN MANURING 1 

LEWIS T. LEONARD and H. R. REED* 

Bureau of Chemistry and Soils, U. S. Department of Agriculture 
Received for publication January 23, 1930 

The customary assumption that leguminous crops are best for green manur- 
ing is largely based on the known ability of such crops to fix nitrogen from the 
air in conjunction with certain soil bacteria. The fact that such a fixation is 
taking place is manifested by the presence of characteristic nodular growths 
on the roots. The wide natural distribution of the organisms which produce 
these nodules and help fix nitrogen is responsible for the quite general presence 
of these growths. The absence of nodules from the roots of legumes is not 
always an indication that the plant and bacterium arc incapable of forming a 
beneficial alliance, because the proper strain of the bacterium may be absent 
from the soil; but there are, however, plants classified as legumes which appar- 
ently never produce these nodules. A list of some of these plants given by 
Leonard (5) includes species of Cassia some of which are indigenous to the 
United States and on which it has been possible to make many observations. 
Since there are nodule-bearing species included in the genus Cassia it is quite 
desirable to mention that this work deals with Cassia occidcntalis and Cassia 
tora. Lor these two legumes we have not found any authentic reports which 
show that they have ever been found with nodules on their roots in this country. 
Keuchenius (4) reports the presence of nodules on the roots of Cassia occiden- 
dentalisj vet correspondence in 1923, 1926, and 1927 with the Institut voor 
Plantenziekten through Dr. Carl Hartley and the Algemeen Proefstation voor 
den Landbouw, both of Buitenzorg, Java, through the Office of Foreign Seed 
and Plant Introduction, Bureau of Plant Industry, U. S. Department of 
Agriculture, has revealed no evidence to support the statement that nodules 
occur on either this species or on Cassia tora , 

The absence of the ability to form nodules does not preclude the possibility 
of the plant fixing nitrogen, since there is some evidence in the work of Friesner 
(3) and of Feher and Bokor (2) that organisms inhabit the swollen roots of the 
honey locust, Gleditsia triacanthos , and these may have a function similar to 
that of the nodule bacteria. Roots of the Cassia species under discussion are 

1 Designated as outside publication no. 385. 

* Bacteriologist and formerly assistant agronomist, respectively, in the U. S. Department 
of Agriculture. 
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usually black or greenish yellow and rather thick. Information somewhat 
opposing this theory is given by Nobbe, Schmid, Hiltner, and Hotter (7) and 
by McDougall (6), all of whom ascribe lack of nodules on the roots of certain 
members of the sub-family Caesalpinaceac to the presence of thick-walled root 
hairs which prevent the entrance of the organisms. 

Whether nodules are produced or not, whether nitrogen fixation takes place or 
not, both of these species of Cassia have been employed in green manuring 
experiments. The most favorable report comes from Allan (1), in which he 
states that a uniformly greater wheat crop over a period of 10 years was 
obtained after crops of C. occidentalis than after crops of Crotalaria juncea . 
Van Helten (9) and Rant (8) employed these two species of Cassia in his 
experimental work with green manuring crops. 

OUTLINE OF EXPERIMENTAL WORK 

For the purpose of determining the green manuring value of C. occidentalis 
and C. tora } seeds of these species and of other legumes were planted May 27, 
1927, at the Coastal Plain Experiment Station, McNeill, Misssissippi. The 
soil on which these were sown is classified as Orangeburg sandy loam. It is 
somewhat acid, low in nitrogen, fairly uniform in texture, and practically level. 
Each kind of seed was planted in rows 44 inches apart, 66 feet long, on A-acre 
plots. An aisle 44 inches wide was provided as a dividing line between the plots. 
In addition to the seeded plots three unseeded ones were laid out for compari- 
son. The crops, plot numbers, rotation, and rates of seeding are given in 
table 1. 

The plots were located as shown in the following diagram : 

North 


5 

4 

3 

2 

1 

8 

7 

6 



Leguminus crops 

The crops of the 1927 summer period grew well, particularly C. tora } which 
on August 19 practically hid the soil in the 44-inch rows; Scsbenia macrocar pa t 
which was 10 feet high at this time; and Crotalaria speciabilis which gave 
evidence of a heavy crop. No nodules were found on the roots of the two 
species of Cassia but all other legumes in this experiment showed nodulation; 
S. macrocar pa roots were especially well laden with nodules. On September 24 
these crops were harvested from half of each plot, one-twentieth of an acre, 
for it was planned to turn under not only stubble but also total crop. The 
data obtained from these crops are given in table 2. 

It is apparent that the outstanding crop yields were produced by C. iota 




LEGUMES FOR GREEN MANURING 


233 


and Crotalaria spcctabilis. Table 2 indicates that these legumes were also 
superior to the others in percentage of nitrogen. Otootan soybeans did not 
compare favorably with the other crops either with respect to nitrogen or 
amount of crop produced. 

All nitrogen analyses were made on dry tops of the plants. Roots were not 
included, since their effect should be evidenced by subsequent indicator crops. 


TABLE 1 

Arrangement of crops 


PLOT NUMBER | 

i 

1927 SUMMER CROP 

ACRE RATES OF 
SLEDINC. 1927 
SUMMER CROPS 

1927 - 28 

1928 - 29 

WINTER CROPS 

1928 

SUMMER CROPS 

i 


Pounds 



i ! 

C. act itlentalis 

100 

Oats 

Corn 

2 1 

None 


Oats 

Corn 

3 ; 

C. tora 

60 

Oats 

Corn 

4 ! 

None 

1 

Oats 

Corn 

5 

Sesba n i a ma crncar pa 

1 « 

Oats 

Corn 

6 1 

Otootan sovln an 

! SO | 

j Oats 

Corn 

7 ! 

None 

i ! 

: Oats 

Corn 

s ! 

Crotalaria spa la oil is 

j 85 

| Oats 

Corn 


1 MILE 2 

C rop yicl Is and analyses of legume crops 


PI or Kl'MTU R ! 

CROP 

! MOI-! n RE IN 1 
, bHUNHVY , 

AC Rl MELD 
OF DRY HAY 

V IN DRY 
ILAY 

N IN \N ACRE 
OF HAY 

1 


; ! 

; per ( cni ; 

poun !s 

per cent 

pounds 

Jbt j 

Cassia occidental is 

! 52 5 ; 

5.110 

1.50 

46.6 

31, j 

C assia tora 

62 5 

4,587 

1.68 

77.1 

51, ' 

S. mairoiarpa 

; 62 5 i 

3,045 

1 20 

47.3 

(>b j 

Soybean 

; to o ' 

2,131 i 

1 60 

34.1 

8b ! 

! 

( rotalaria spec tabilis 

77 5 j 

4,2% 

1 65 

70.9 


* Analyses made by Daniel Ready. 

t Designation given to part of plot from which crops were removed. 


Xonlcgumc indicator crops 

Oats were planted on all plots, October 18, 1927, at the rate of 2 bushels an 
acre. On March 12, 1928, it was noticed that these oats had made the best 
growth on the 5. macrocar pa plot; they were light green on the Cassia plots 
and dark green on all other plots. Hogs grazing on the oats apparently pre- 
ferred material from the plots that had been fallowed. A complete report of 
the condition of the crop at this time is given in table 3. 

The 1927“ 28 crops of oats from the fallow plots were superior in most respects 
to the crops from the other plots. This may be due to treatment, although the 
amount of material added to them was small and consisted only of young plants 
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TABLE 3 

CottdUion of oats crop , March 12, 1927 


PLOT 

LEGUME PLOWED UNDE* 

HEIGHT OP 
OATS 

SPOOLING 

COLO* 

la 

Cassia occidentalis 

inches 

6 

Little 

Light green 

lb 

Cassia occidentalis stubble 

5 

Little 

Light green 

2 

None 

6 

Medium 

Dark green 

3a 

Cassia tora 

7 

Medium 

Light green 

3b 

Cassia tora stubble 

6 

Little 

Light green 

4 

None 

8 

Much 

Dark green 

5a 

Sesbania macrocar pa 

11 

Much 

Dark green 

5b 

Sesbania macrocarpa stubble 

7 

Medium 

Dark green 

6a 

Otootan soybean 

7 

Medium 

Dark green 

6b 

Otootan soybean stubble 

6 

Little 

Dark green 

7 

None 

7 

Medium 

Dark green 

8a 

Crotalaria spectabilis 

9 

Much 

Dark green 

8b 

Crotalaria spectabilis stubble 

6 

Medium 

Dark green 


TABLE 4 

Data on indicator crops following legumes 



OATS 1927- 

28 

OATS 

1928-29 

CORN 1928, YIELD 
PER ACRE 


Average 

height 

4/30/28 

IUy 

yield per 
acre 

X in 
oat hay 

Hay 

yield j>er 
acre 

Stover 

Grain 


inches 

pounds 

per cent 

pound \ 

Pounds 

pounds 

Cassia occidentalis crop 

34 

2,560 

0 80 

800 

2,320 

880 

Cassia occidentalis stubble 

33 

2,475 


720 

2,325 

450 

None 

42 

4,987 

1.16 

1,150 

1,788 

773 

Cassia tora crop 

38 

3,000 

1.05 

1,200 

2,350 

750 

Cassia tora stubble 

34 

2,138 


920 

2,182 

515 

None 

48 

4,220 

1.27 

1,050 ; 

1 ,900 

520 

Sesbania macrocarpa crop 

48 

3,500 

0.94 

720 

1,842 

474 

Sesbania macrocarpa stubble 

43 

3,600 


760 

2,320 

640 

Otootan soybean crop 

40 

2,860 

1.07 

1,100 

2,111 ! 

888 

Otootan soyl>ean stubble 

36 

2,093 


900 

1,455 

636 

None 

46 

3,600 

1.15 

1,200 

1,700 

802 

Crotalaria spectabilis crop 

45 

3,460 

0.87 

1,040 

1,879 

758 

Crotalaria spectabilis stubble 

38 

3,218 


740 

2,030 

636 

Averages: 

Crops (nodule bearing) 

44 

3,273 

0.96 

953 

1,944 

707 

Stubble (nodule bearing) 

39 

2,970 


800 

1,935 

637 

Crops (Cassias) 

36 

2,780 

0.93 

1,000 

2,335 

815 

Stubble (Cassias) 

34 

2,306 


820 

2,254 

483 

Crops (ail legumes) 

41 

3,076 

0.95 

972 

2,100 

750 

Stubble (all legumes) 

37 

2,705 


808 

2,062 

575 

None 

45 

4,269 

1.19 

1,133 

1,796 

698 
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of Richardsonia scabra and cockle burs which grew during the periods the soil 
was not cultivated. The yield of oat hay was not only higher in the fallow 
plots but this hay contained more nitrogen. 

The same general trend is noted in the oat crop harvested in 1929, but the 
yields and the differences between yields are much smaller. In only one case 
in either of the oat harvests is the crop following the stubble greater than that 
following the corresponding crop turned under, and this seems significant 
because it is constant in both the 1928 and 1929 figures for Sesbania macrocar pa 
plots. The same condition obtains in the corn data. It is quite possible that 
the proximity of pine trees to the part of the plot into which the whole crop was 
plowed or the abundance of cellulosic material which occurs in the plants of 
Sesbania was responsible for this condition. 

Data on corn stover do not present very significant correlated differences 
but the corn grain yields follow 1 the same general trend of the preceding and 
succeeding oat crops. 


SUMMARY 

In a comparison of legumes not bearing nodules w ith legumes bearing nodules 
in a green manuring experiment at McNeill, Mississippi, on slightly acid 
Orangeburg sandy loam, Cassia tora , one of the former, gave the greatest yield 
of dry hay, whereas Otootan soybeans, one of the latter, gave the least yield of 
dry hay. 

The first indicator crop of oats was light green on the Cassia plots whereas 
it was dark green on the other plots. The oats from the fallow plots, for some 
reason not definitely determined, were superior in nitrogen, weight, and height. 
A subsequent crop of oats grown on the plots during the next winter season 
followed the same general trend in weight. 

The second indicator crop, which was corn, gave data on stover that were 
not very consistent and on corn grain that practically followed the same crop 
weight trend as the oats. 

Turning under the whole crop of legumes gave better results with indicator 
crops than did just stubble. Considering the data as a whole, no decided 
differences are shown between the after-effects of noduled or non-noduled 
legumes. 
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Until recently 11 groups of legume nodule bacteria were recognized, based 
upon their tendency to produce nodules upon certain species of legume plants. 
An interchangeability was supposed to exist between the members of the same 
group so far as the nodule forming function is concerned. Furthermore, this 
phenomenon, known as cross-inoculation, was thought to occur only between 
members of the same group. An additional group was suggested when 
Whiting, Fred, and Helz (5) reported studies with Wood’s clover ( Dalea 
alopecuroidcs) nodules bacteria in which they found that this organism did not 
produce nodules upon alfalfa and sweet clover plants and that the Wood’s 
clover plant was not infected by bacteria belonging to other cross-inoculating 
groups. No report is given of any trials with the Wood’s clover organism in 
which attempts were made to inoculate legumes other than alfalfa and sweet 
clover. 

Leonard (2) and Sears and Carroll (3) have shown that the cowpea group 
of organisms cannot be considered entirely separate from the soybean bacteria 
since there is some interchangeability between the two groups. The latter 
workers have concluded, however, that this interchangeability is not complete, 
since some cowpea nodule bacteria have been found which failed to produce 
nodules on the soybean plant. In other words, cross-inoculation between 
cowpea and soybean nodule bacteria is not completely reciprocal. 

Stevens (4) and Wright 16 ) have found that it is possible to divide the groups 
of nodule bacteria into strains of biotvpes on the basis of serological and 
cultural and physiological characteristics. The studies of Sears and Carroll 
(3) indicate that strains of cowpea bacteria apparently differ also in their 
capacity to produce nodules on the soybean plant. 

wood’s clover nodule bacteria infect the garden bean 

When Illinois farmers became interested in the use of Wood’s clover for soil 
improvement, the problem of inoculation naturally presented itself. Conse- 

1 Contribution from the division of soil biology, department of agronomy. Published 
with the approval of the director. 

* Assistant professor and formerly assistant in soil biology, respectively. 
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quently, inoculation studies with this legume were undertaken and as a result 
it was found that the Wood’s clover plant did not produce nodules when 
inoculated with the nodule bacteria from any of the common legumes. 

In order to establish the fact that this legume does not belong to any of the 
known cross-inoculation groups, it seemed necessary to conduct additional 
tests in which legumes representing each group were inoculated with the 
Wood’s clover nodule organism. As a result of such studies, it was found 
that garden and navy bean plants produced nodules when inoculated with the 
Wood’s clover nodule bacteria. In addition, it was found that a culture 
isolated from the garden or navy bean nodule, and which had resulted from 
the use of a Wood’s clover culture, infected the Wood’s clover plant. No 
legumes studied belonging to other cross-inoculating groups were infected by 
the Wood’s clover nodule organism. 


TABLE 1 

Cross-inoculation with Wood's (lover nodule, bacteria 


CULTURE 

LEG V ME 

NOD VI. \TTON 

Sweet clover 

Wood’s clover 

_ 

Red clover 

| Wood’s clover 

— 

Soybean 

Wood’s clover 

- 

Cowpea 

i Wood’s clover 

; - 

Garden bean 

| Wood’s clover 

— 

Navy bean 

Wood's clover 


i 

Wood’s clover 

+ 


Sweet clover 

! - 

' 

Red clover 

— 

Wood’s clover 

So} bean 

- 

i 

Cowpea 

- 


Garden bean 

+ 

l 

Navy bean 

+ 


EXPERIMENTAL METHODS 

The conditions under which cross-inoculation studies are conducted deter- 
mine the reliability of the results obtained. Consequently, great care was used 
to prevent the probability of error due to contamination from any source. 
The plants were grown in a greenhouse devoted exclusively to inoculation 
studies, and into which no soil was allowed to be taken. As a result, the 
controls were uniformly free from nodules. The cultures used were obtained 
from our own isolations and from transfers obtained from other investigators. 

In order to be sure that mixed cultures were not being used, single cell 
isolations were made in addition to the usual tests employed in pure culture 
studies. 

In addition to the technique described by Sears and Carroll, the method of 
Garman and Didlake (1) was used. 

The data presented in table 1 confirm the results of Whiting, Fred, and 
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Helz in that it was impossible to produce nodules upon the Wood's clover 
plant by inoculation with the nodule bacteria of any of the common legumes. 
However, it was found that cultures of the Wood’s clover bacteria were able to 
infect plants in the garden bean group. 

Previously it has been assumed that if the nodule bacteria of one kind of 
plant infect another, their nodule organisms are mutually interchangeable. 
Sears and Carroll (3) reported, however, that such a condition does not always 
obtain in the case of certain cowpea and soybean organisms, and in later 
studies they found that the cowpea plant is capable of working in symbiosis 
with bacteria from the nodules of a great number of legumes whose nodule 
organisms do not in all cases cross-inoculate among themselves. Here is a 




Fig. 1. Relation Between Gvrden Bean and Wood’s Clover Nodule Bacteria 


case in which nine garden bean cultures failed to produce nodules upon the 
Wood’s clover plant, whereas seven cultures of Wood’s clover bacteria infected 
the navy and garden bean plants. It would appear, therefore, that the inter- 
changeability of nodule bacteria, as far as the nodule forming function is con- 
cerned, is not necessarily reciprocal in the case of Wood’s clover and the mem- 
bers of the garden bean group. 

It was of interest to find, however, a peculiar root development in some in- 
stances where ordinary garden or navy bean inoculation had been applied to 
Wood’s clover plants. A knotted condition appeared upon the roots, which 
suggested the possibility of infection, but a number of attempts at isolation of 
nodule bacteria from these roots resulted in failure. This unusual root develop- 
ment was not observed under any other conditions. 
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Naturally, the question then arose as to whether bacteria isolated from the 
nodules on the garden or navy bean, and which had resulted from infection by 
Wood's clover bacteria, would still have the ability to infect Wood's clover 
plants. Sixteen such cultures were isolated and subsequently tested upon 
both garden beans and Wood’s clover and in all cases with positive results. It 
appears, therefore, that plant passage did not alter the organism so far as its 
ability to form nodules on Wood’s clover is concerned. Furthermore, the agar 
plate colonies and agar slant growth were typical of the Wood’s clover organism. 

Figure 1 shows diagrammatically the methods and results which are typical 
of those obtained from the use of seven Wood’s clover and nine garden bean 
cultures. When obtained from picked colonies after repeated platings, as well 
as from direct isolation from nodules, the cultures were uniformly consistent in 
their behavior with regard to infecting Wood’s clover and garden bean plants. 


TABLE 2 

Nitrogen fixation by garden bean plants 


CULTURES 

j NITROGEN t 

Number 

Kind 

Tups 

| Roots 

Total 

| Fixed 



mxm. 

W.I’W. 

i 

mgm. 

mem 

1 

Wood’s clover 

176.1 

94 7 

270 8 

90.8 

43 

Wood’s clover 

! 163 3 

106.0 j 

269 3 

89 3 

i 

Garden bean 

300 1 

95.9 

396.0 

216 0 

30 

Garden bean 

263,3 

111 5 

374.8 

194.8 

57* 

Garden bean 

148.6 

103.4 

252.0 

72.0 

10* 

Garden bean 

157.4 

98.4 

255.8 | 

75.8 


Check 

110.4 

69.6 

180.0 ! 



* Cultures 10 and 57 were isolated from garden bean nodules which resulted from infection 
caused by Wood’s clover nodule bacteria, 
t Average of three replicates. 


Since the bacteria that were obtained from widely different sources gave 
similar results, it seemed unlikely that this phenomenon was the result of 
impure cultures. The additional fact that cultures resulting from single cell 
isolations exhibited the same characteristics lends further evidence to prove a 
non-reciprocal interchangeability of garden bean and Wood's clover nodule 
bacteria. 

Since recent investigations have shown that strains of legume nodule organ- 
isms differ in their capacity fo fix atmospheric nitrogen and since two unlike 
organisms had produced nodules upon the garden bean, it seemed desirable to 
determine the comparative affectiveness of Wood's clover and garden bean 
nodule bacteria for nitrogen fixation. The results of such a test are reported 
in table 2. 

Considering the nature of the experiment, the data are surprisingly con- 
sistent. The amounts of nitrogen fixed by the two cultures of Wood's clover 
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nodule bacteria are practically the same and differ but little- from those found 
in the plants infected by cultures 10 and 57, which were isolated from garden 
bean nodules resulting from the use of Wood’s clover bacteria. 

Although it would not have been surprising had the two garden bean cultures 
differed in their nitrogen fixing ability, the results obtained from their use were 
very similar. They differed greatly, however, from the other cultures, which 
fixed an average of 82 mgm. per jar when functioning symbiotically with the 
garden bean plants. The garden bean plants infected by the original garden 
bean cultures contained 205.4 mgm. more nitrogen than the controls. 

From these data, it is evident that even though abundant nodule formation 
resulted from the use of Wood’s clover nodule bacteria on garden bean plants, 
the amount of nitrogen fixed was less than one-half as much as that fixed under 
conditions in which the garden bean plants were infected by garden bean 
bacteria. It is apparent, therefore, that in this case, at least, the degree of 
nodulation cannot be taken as an index of nitrogen fixation. 

The appearance of the plants before harvest clearly showed that those 
inoculated with the garden bean nodule organism were getting more nitrogen 
than any of the other plants. They were dark green and had a healthy and 
thrifty appearance, whereas the crop in jars to which Wood's clover organisms 
had been added looked but little better than the check. In fact, even up to 
harvest time, there was some doubt as to whether nodulation had occurred. 
Examination at time of harvest showed an abundant nodule formation even 
though the plants were yellow and unthrifty. 

summary 

1. The nodule organisms from none of the common legumes studied ordi- 
narily produced nodules on the Wood’s clover plant. 

2. Pure cultures of Wood’s clover nodule bacteria produced nodules upon 
garden ami navy bean plants. 

3. Pure cultures of organisms isolated from the garden or navy bean infected 
Wood’s clover, provided the bean nodules resulted from infection by Wood’s 
clover nodule bacteria. 

4. When judged by nitrogen fixation, the bean cultures were more effective 
upon the bean plant than the Wood’s clover cultures, even though each culture 
produced abundant nodule development. 
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How rapidly is replaceable potassium lost from a soil by leaching? In the 
studies of fertilizer practice, of soil deterioration, and of alkali land formation 
and reclamation it is often desirable to have additional data on this point. 
Lysimeter experiments have attempted to serve the need, but the results can- 
not be extrapolated for higher rainfalls nor can they be carried over to other 
soil types, or even to the same soil when fertilized with potassium salts. This 
paper records several leaching experiments and shows that for any particular 
soil the rate of loss can be represented by a mathematical expression. 

EXPERIMENTS WITH ARTIFICIALLY PREPARED POTASSIUM ZEOLITE 

The plan of the present study was to leach artificial zeolites and soils of 
known replaceable potassium content with increments of carbon-dioxide-free 
water. The quantity of potassium removed in each increment was determined 
and an equation was obtained to fit the experimental data. Because the small 
amount of work on this subject by earlier authors was expressed by a different 
mathematical equation than that obtained by the author, all of this material 
has been reserved for the section “Discussion. M 

In the first experiments a sample of 1.575 gm. air-dry potassium zeolite was 
used. This zeolite contained 14. ( )5 per cent K 2 0 on the air-dry basis and 21.66 
per cent on the water-free basis. The sample therefore contained 5 milli- 
equivalents potassium. The zeolite was packed in a small percolation tube 
between layers of washed and acid-digested asbestos, and leached with dis- 
tilled, carbon-dioxkD-free water at a temperature of about 28°C. Increments 
of leachate were collected, at first in 25-cc. quantities and later in larger 
amounts, and titrated for KOH with 0.02 X H 2 SO 4 , using paranitrophenol as 
an indicator. Where the increments of leachate were greater than 300 cc. 
they were concentrated by boiling before titration. The rate of percolation 
was approximately 50 cc. an hour. The condensed data are given in table 1. 

The last three columns of table 1 contain figures used in the mathematical 
treatment on leaching. This subject will be considered later. 

When potassium zeolite is leached the chemical reactions can be represented 
by the following equations: 

K zeolite + HOH«=*H zeolite + KOH 
2 KOH •+* AbOji^KaAM^ 4“ H 2 O 
243 
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Calculations and data presented in a former paper (11) indicate that more than 
99 per cent of the potassium hydroxide arising from hydrolysis of the zeolite is 
converted into potassium aluminate. A check on the accuracy of the titration 
can therefore be made by analyzing the solution for aluminum. Such an 
analysis was made on the combined percolates 21, 22, and 23, and 0.0244 gm. 
AbO* was obtained. The titrated value was 24 cc. or 0.48 milli-equivalents. 
This is equivalent to 0.0245 gm. AI2O3. It is thus seen that almost a perfect 
check was obtained. 


TABLE 1 


Loss of potassium by leaching from a synthetic zeolite containing 5 milli-equivalents replaceable 

potassium 


NUMBER OF 
PERCOLATE 

CUM. VOLUME 

CUM. 

TITRATION 

0.2 N HjSOi 

y * loss K 

IN MILLI- 
EQUIVALENTS 

Ay 

IokM - y ) 

1 ob (A) 

4 

CC. 

100 

CC. 

8.43 

0.168 

4.832 

0.684 

0.015 

6 

135 

10.64 

0.213 

4.787 

0.680 

0 019 

8 

205 

14.30 

0 286 

4.714 

0 673 

0 026 

10 

305 

19 00 

0 380 

4 620 

0.665 

0.034 

12 

455 

24.60 

0 492 

4.508 

0.654 

0.045 

14 

655 

30.70 

0.614 

4.386 

0.642 

0.057 

16 

1,000 

38.20 

0 764 

4.236 

0.627 

0.072 

18 

1,490 

48.60 

0.972 

4.028 

0.605 

0.094 

20 

2,500 

68.60 

1.372 

3.628 

0.560 

0.139 

22 

3,500 

80.90 

1.618 

3.382 

0.529 

0.170 

24 

4,500 

94.60 

1.892 

3.108 

0 492 

0.206 

26 

5,500 

105.60 

2.112 

2.888 

0 461 

0.238 

28 

7,500 

122.60 

2.452 

2.548 

0.406 

0.293 

30 

9,500 

138.00 

1 2 . 700 

2.240 

0.350 

0.349 

32 

11,500 

151.70 

3 034 

1.966 

0.294 

0.405 

34 

13,500 

162.80 

3.256 

1.844 

0.266 

0.433 

36 

15,500 

172.60 

3.452 

1.548 

0.190 

0.509 

38 

17,500 

180.50 

3.610 

1.390 

0.143 

0.556 

40 

19,500 

187.00 

3.740 

1.260 

0.100 

0.599 

42 

21,500 

189.40 

3.788 

1.212 

0.083 

0.615 

44 

23,500 

192.00 

3 840 

1.160 

0.065 

0.635 


In the second experiment in which artificial zeolites were used, a quantity 
equivalent to 10 milli-equivalents replaceable potassium was used. The 
procedure was similar to that used in the first experiment. A condensed 
summary of the data obtained is given in table 2. 

The data given in table 2 will be treated mathematically under “discussion.” 

EXPERIMENTS WITH SOILS 

In the first experiment with soils a fine sandy loam from the new university 
farm was used. This soil was first treated with dilute hydrochloric acid to 
remove all carbonates. It was then leached with a potassium chloride solution 
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containing a small quantity of potassium hydroxide, followed by potassium 
chloride alone. The soil was finally washed with water until only a very slight 
test for chloride in the leachate could be obtained. 

The base-exchange capacity of this modified soil was determined and found to 
be 3.262 milli-equivalents potassium and 0.78 milli-equivalents calcium plus 
magnesium for each hundred grams. 

Five hundred grams of this soil was packed into a small Oldberg percolator 
and percolated with water using 100- to 150-cc. aliquots. The percolates were 
analyzed for potassium. The rate of percolation was about 10 cc. an hour 


TABLE 2 

Loss of potassium by Icai king from a synthetic zeolite containing 10 milli-equivalents replaceable 

potassium 


NUMBER OK 
PERCOLATE 

CUM VOLUME 

CUM. 

TITRATION 

0 1 H 1 SO 4 

y *= loss K 

IN M1LL1- 
EfjUlVALhN l‘> 

•4 y 

i ; 

! 1«bM -y) 

-(A) 

i 

3 

CC. 

80 

cc. 

16 20 

0.324 

j i 

9 676 

0.9857 

! 0.0148 

6 

185 

23 10 

0 462 

9.538 

0 9795 

0.0205 

9 

337 

33.45 

0 669 

9.331 

0.9699 

0 0301 

12 

617 

48 95 

0 979 

9.021 

0.9552 

0.0448 

15 

1,267 

77.55 

1.551 | 

8 449 

0.9268 

0.0732 

18 

1,867 

98.05 

1.961 

8 039 

0.9052 

0.0948 

21 

2,467 | 

116 65 

2.333 

7.667 

0 8846 

1 0.1254 

24 

4,000 

147 75 

2.955 

7.045 

0 8479 

0 1521 

27 

5.500 

177 15 

3.543 | 

6.457 

0 8100 

0 1900 

30 

/,000 

201.35 1 

i 4 027 

5 973 

0.7762 

0.2238 

33 

8,500 

220 15 

4 403 

5.597 

0.7480 

0.2520 

36 

10.000 

236 85 

4.737 

5.263 

0.7212 

0.2788 

39 

12,000 

256.15 

5 323 

4.677 

0 6699 

0 3301 

42 

15,000 

277.95 

5 559 

4.441 

0.6475 

0 3525 

45 

18,000 

302 85 

6 057 

3.943 

0.5958 

0 4042 

48 

21,000 

327 55 

6.551 

3.449 

0.5377 

0.4623 

51 

24,000 

342 55 

6 851 

3.149 j 

0.4982 

0.5018 

54 

27,000 

360.25 

7.205 

2.795 i 

0.4464 

0.5536 

57 

30.000 

366 45 

7 329 

2 671 

0.4267 

0 5733 

60 

33,000 

369 35 

7 387 S 

2.613 ! 

0.4171 

0 5829 


until about 800 cc. had passed, when the rate dropped to 30 cc. a day. The 
data obtained are given in table 3. 

In the second experiment a modified Carrington silt loam soil was used. 
This soil is described as soil 5 in Arizona Agricultural Experiment Station 
Technical Bulletin 22, and contained 7.13 milli-equivalents replaceable 
potassium in 100 gm. soil. Five hundred grams of this soil was leached in the 
same manner as the university farm soil and the leachings were collected and 
analyzed. The data obtained are given in table 4, 

In a third experiment the same modified Carrington silt loam was used as in 
experiment 2. To it was added precipitated calcium carbonate to equal 2 
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per cent of its weight. Five hundred grams of this calcareous soil was placed 
in a percolator and kept in a moistened condition for 2 months before leaching 

TABLE 3 


Loss of potassium by leaching from a modified soil from the University farm 


NUMBER OF 
PERCOLATE 

CUM. VOLUME 

y m loss K 

IN MILLI- 
EQUI VALE NTS 

A-y 

logM-y) 

! 

1 or (A) 

1 

CC. 

70 

0.77 

15.54 

1.191 

0.021 

2 

170 

1.30 

15.01 

1.176 

0.036 

3 

278 

1.71 

14.60 

1.164 

0.048 

4 

424 

2.02 

14.29 

1.155 

0.057 

5 

568 

2.26 

14.05 

1.148 

0.064 

7 

859 

2.65 

13.66 

1.135 

0.077 


TABLE 4 

Loss of potassium by leaching from a modified Carrington silt loam 


NUMBER OF 
PERCOLATE 

CUM- VOLUME 

y ** loss K 

IN MILLI- 
EQUIVALENrS 

Ay 

lok'M-y) 

"<A A y) 

1 

CC. 

114 

1.71 

33.94 

1.531 

0.021 

2 

210 

2.66 

32 99 

1 518 

0 034 

3 

329 

3.34 

32.31 

1.509 

0.043 

4 

465 

3.88 

31.77 

1.502 

0.050 

5 

597 

4 47 

31.18 

1.494 

0 056 

6 

725 

4 89 

30.76 

1.488 

0 064 

7 

875 

5.48 

30.17 

1 479 

0 073 


TABLE 5 


Loss of potassium by leaching from a calcareous Carrington silt loam 


NUMBER OF 
PERCOLATE 

CUM. VOLUME 

y » lobs K 

IN MILU- 
EQUIVALENTS 

A-y 

logU-y) 

-(&) 

1 

CC . 

110 

0.47 

35.18 

1.546 

0.006 

2 

220 

1.05 

34.60 

1.539 

0.013 

3 

384 

1.61 

34.04 

1.532 

0.020 

4 

468 

2.12 

33.53 

1.525 

0.027 

5 

589 

2.72 

32.93 

1.518 

0 034 

6 

713 

3.27 

32.38 

1.510 

0.042 

7 

829 

3 73 

31.92 

1.504 

0.048 

8 

959 

4 25 

31,40 

1.497 

0.055 


was begun. The leachings were collected and analyzed as before. The data 
so obtained are given in table 5. 

The data presented in tables 3, 4, and 5 will be treated mathematically under 
“Discussion.” 
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DISCUSSION 

Schreiner and Failyer in 1906 (17) published a paper describing the absorp- 
tion of potassium by soils and its subsequent removal by leaching. They 
apparently imply, but do not seem to state definitely, that absorbed potassium 
is removed according to the differential equation. 

f-KU-y) 

dv 


However, Patten and Waggaman (14), who later carried on similar studies, say, 
“Thus we have shown that the removal curves for bicarbonate, carbonate, 
chlorine, potassium, and phosphate leached from soils are very similar in form,” 
and, “The absorption* of potassium from carbonate and from chloride solution 
is likewise described by curves similar in form, and very nearly represented by 


-y), which also expresses well the rate of absorption 


the formula^ = K(A 
dv 

and rate of removal of the phosphate radical, PO4, from soils 1 regardless of 
what phosphate was used to saturate the soil.” 

It would thus seem that Schreiner and Failyer’s data on removal of potassium 
by leaching also follow the same differential equation. In this equation, when 
used to represent leaching data, y is the amount removed by v cc. of water, A 
is the absorptive capacity and K is a constant. Schreiner and Failyer integrate 
this differential equation between limits as follows: 


obtaining 




log (A ~ y) — log A — — Kv 


(A) 


(B) 


They state that since log .1 and K are constants to be found from the observa- 
tions, Briggsian instead of Naperian logarithms may be used. Schreiner and 
Failyer seem to have obtained the value of A by inspection of the curve ob- 
tained by plotting the experimental data. 

It was believed that the rate of loss of potassium from artificial zeolites 
should follow the differential equation (A). Equation (13) indicates that if the 


values of 



given in tables 1 and 2 are plotted as ordinates against 


the volume in cubic centimeters as abscissas, a straight line whose slope is K 
should be obtained. Because it is impractical to plot volume as given, log 
volume was used; equation ( B ) now becomes 


log log 



= log K + log V 


(C) 


1 (Schreiner and Failyer) Bui. 32, Bur. Soils, U. S. Dept. Agr. p. 36. (Ref. given by 
Patten and Waggaman,) 
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To simplify operations log log paper was used and log was plotted 

against V. These data and resulting curves are shown in figure 1. The 
curve for experiment 1 was a straight line having a slope of 0.695 and for 
experiment 2, 0.650. The fact that the slope is not 1.00 but a decimal shows 
that the data do not fit equation (C). 
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In a similar manner the values of log ^ rom 3 and 4 were 

plotted against the corresponding volumes in cubic centimeters on log log 
coordinate paper. Both curves were straight lines having slopes of 0.53 and 
0.63 respectively (fig. 2). After it is found that the data can be represented by 
a straight line curve, and the slope of this straight line is known, the values of K 



Fig. 2. Loss of Potassium by Leaching from University Farm Soil and Carrington 
Silt Loam Conforms with the Equation 



can be calculated. It was thus found that the leaching equations for the 
university farm soil and Carrington silt loam were 

( A \ 0.53 

JZ~ y ) = 009219 V 
and 

Log ■ o.ooioo v 0 ' 63 


respectively. 
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It must be remembered that Schreiner and F ailyer obtained their value of A 
from inspection of the absorption curve. The maximum capacity of their 
soils should have been A + Yo if we let F 0 represent the amount of replaceable 
potassium present before the absorption experiments began. In the author’s 
experiments the maximum exchange capacity of the zeolite in experiment 1 is 
7.96 milli-equivalents on the basis of 1 mol K 2 0 to 1 mol AI 2 O 3 . 

Let us use this value 7.96 = M 2 where M represents the maximum capacity 
Let Yo equal the loss from this zeolite before the leaching experiment began, or 

Yo = 7.96 - 5.00 = 2.96 

then M = A + F 0 . Integrating the differential equation of Spillman and 
Lang (18, p. 34) 


between the limits as follows: 



we obtain 


In (. M - r») ~ In (M - Y 0 ) = - K(V X - V 0 ). (F) 

If we let V = Vi — Vq,Y = Y x — Y 0 and M = A + F 0 and substitute these 
values in equation ( F ), we obtain 

In (A + Yo - Y - Yo) - In (A) = - KV 



If we wish to pass to common logarithms the equation becomes 



where K x = QAiAiK. 

The derivation of equation (G) would indicate that it is perfectly proper to 
use the quantity of exchangeable potassium at the beginning of leaching as A 

against V, V being the volume of water 

leached through the sample during the experiment. 


and to plot the values of log 


ted 


* The notations used by Spillman and Lang (18), are used as far as possible. 
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It is possible that the values of A used by Schreiner and Failyer, and by 
Patten and Waggaman are too small, and that this reduced value of A is 


responsible for their data giving a slope of 1.00 when log 



is plotted 


against volume? 

It must be remembered that the value of A used by the aforementioned 
authors is equivalent to M of equation ( F ). The fact that the authors did not 
consider the soil to contain any previously absorbed potassium, and that for 
the purpose of calculation the value of A — Y 0 is less than the amount present 
at the beginning of leaching would all indicate that their values of A are too 
small. 


WORK OF EARLIER AUTHORS RECALCULATED 

Let us recalculate the results of Schreiner and Failyer and of Patten and 
Waggaman in the light of present knowledge of base exchange. Two assump- 
tions are made, first, that all the potassium present in the soil at the beginning 
and subsequently removed by leaching was replaceable, and second, that the 
soil contained normal amounts of replaceable potassium prior to the absorption 
experiments. The results for the non-calcareous soils are shown in figure 3; 
the points for any particular soil fall on a straight line curve whose equation 
is similar to that for preceding soils and zeolites. 

The values of A , assumed quantities of replaceable potassium originally 
present, and of constants in the leaching equations are all given in table 6, 
which is a recapitulation of all leaching data in this paper. 

If we exclude the calcareous soils it will be seen that the leaching equation of 
the remaining soils has constants of the same order. The leaching equation for 
zeolites is of the same type but the value of K is somewhat smaller. 

Greaves, Hirst, and Lund (5, table 13) present considerable data on the rate 
of loss of potassium by leaching from synthetic and natural alkali soils. An 
inspection of their table shows that the potassium is removed in decreasing 
successive increments and it would appear that the data would fit some sort of 
logarithmic curve. Because the original amount of exchangeable potassium 
is not known the data cannot be tested for their conformity with leaching 
equations as given in this paper. 

It should be pointed out that all the leaching experiments for which we have 
data were short time, excessive leaching, experiments. Under field conditions 
with more time at our disposal, it is probable that a small quantity of non- 
replaceable potassium becomes replaceable in the case of soils low in exchange- 
able potassium. In soils whose exchangeable potassium content has recently 
been raised, a gradual conversion of some of the replaceable potassium to non- 
replaceable form seems to take place. 

Page and Williams (12) give excellent data on this point and the work of 
Maclntire and Sanders (10), Pierre and Morley (15), and Frear and Erb (4) 
corroborates them. 



VCt< 7 A*e- OF- hatfr in cc. 


ctoxr 


-43- 3 rgg r user 


Fig. 3. Loss of Potassium bv Leaching from Soils Used by Schreiner and Failyer 
and by Patten and Wagcaman, as Recalculated by the Author, also Conform 

with the Equation 

Ug G^) - 


TABLE 6 

A comparison of the constants in the potassium leaching equation for soils and artificial zeolites 


SOIL 

INVESTI- 

GATOR 

REPLACEABLE 

K assured 

PRESENT 
PER 100 OR 
SOIL BEFORE 
ABSORPTION 

ASSURED OR 
KNOWN VALUE 

or A 

P EXPO* 
KENT Of 

V 

K 

Artificial zeolite 

Magistad 

n.tq. 

p.p m. 

5 0 m e. 

0 695 

0 00061 

Artificial zeolite 

Magistad 



10.0 m.e. 

0.650 

0 00071 

University farm soil 

Magistad 



16.31 m.e. 

0.53 

0.00219 

Carrington silt loam 

Magistad 



35.65 m.e. 

0 63 

0 00100 

Clay 

S and F 

0 050 

20 

910.00 p.p.m. 

0.60 

0.00316 

Clay loam 

S and F 

0.025 

10 

580 00 p.p.m. 

0.69 

0.00295 

Hagerstown silt loam 

Pand W 

0.100 

40 

2,974.00 p.p.m. 

0.68 

0.00263 

Hagerstown silt loam 

Pand W 

1.000 

400 

3,334 00 p.p.m. 

0.64 

0.00316 

Norfolk sand 

Pand W 

0.500 

200 

1 ,426.00 p.p.m. 

0.58 

0.00760 

Calcareous soils 

Marshall silt loam 

1 

P and W 

1.000 

400 

2,648.00 p.p.m. 

1.00 

0.00078 

Marshall silt loam 

P and W 

none 

none 

2,248.00 p.p.m. 

0.99 

0.00064 

Calcareous Carrington silt loam 

Magistad 



35.65 m.e. 

1.02 

0.00005 
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It seems that an equilibrium of some sort exists between the potassium 
containing soil minerals and the soil solution on one hand, and the soil solution 
and the exchangeable complex on the other. If the amount of exchangeable 
potassium decreases to such a point that the concentration of potassium in the 
soil solution is markedly diminished, potassium will go into solution from the 
soil minerals and vice versa. Data presented in a former paper (11) show a 
logarithmic relationship between the amount of potassium in the soil solution 
and that present in exchangeable form, and later studies (1) showed that finely 
ground feldspar will maintain, to a greater or lesser degree, a certain concentra- 
tion of potassium in the soil solution. 

As a concrete example, let us consider a soil which contains 0.2 milli-equiva- 
lent of exchangeable potassium to each 100 gm. and contains 20 per cent of 
water. The soil solution will probably contain about 41 p.p.m. of K which is in 
equilibrium with the other soil minerals. This equilibrium can be represented 
thus: 


Per 100 gm. soil 

0.2 m.c. K | Cone. K in 
20 cc. II 2 0; «p*soil soIution^Soil minerals 
41 p.p.m. 

Let us suppose now', that an amount of soluble potassium salt is applied which 
will approximately double the quantity of exchangeable potassium in the soil. 
The first part of the foregoing equilibrium expression will then be. 

Per 100 gm. soil 

0 4 m e. K ^ Cone. K in 
20 cc, HjO; i-^soil solution 
57 p.p.m. 

Because the soil solution now contains more K, a new equilibrium between the 
soil solution and the soil minerals will take place. Final equilibrium of the 
entire system will probably take place according to the following expression. 

Per 100 gm. soil 

0 36 m.c. K \ Cone. K in 
20 cc. HaO] ?^soil solutionr^Soil minerals 
53 p.p.m. 

The net result of the fertilizer addition has been to increase the exchangeable 
potassium 0.16 milli-equivalents to each 100 gm. and the non-exchangeable 
potassium 0,04 milli-equivalents to 100 gm. This condition of equilibrium 
is not attained rapidly; undoubtedly several months are necessary. 

EFFECT OF CaCOj ON POTASH LIBERATION 

The leaching data for the calcareous soils, the Marshall silt loam and the 
limed Carrington silt loam, are shown in figure 4. It will be seen that the 
slope of these curves is about 1.00, which seems to be distinctive for calcareous 
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soils. A comparison of the leaching data on the calcareous and non-calcareous 
Carrington silt loams shows that the presence of calcium carbonate has de- 
creased the rate of loss of potassium by leaching. Earlier experiments by the 
author (11) indicate that this decrease is caused by a decreased hydrolysis. 
Calcium carbonate in water and the hydrolysis of potassium zeolite both give 
rise to hydroxyl ions. The common ion will decrease hydrolysis, which may 
be the principal factor responsible for decreased potassium availability in 



Fig. 4. Loss of Potassium by Leaching from Marshall Silt Loam as Recalculated 
by the Author, and Calcareous Carrington Silt Loam, Conform with the Usual 
Equation but With a Value of p approaching 1 


limed soils. When the solutions were made less alkaline by the introduction 
of carbon dioxide, the decrease in hydrolysis of potassium zeolite was less 
marked (11). 

A review of the more recent literature indicates that most investigators 
have found applications of calcium or magnesium carbonates or oxides to 
decrease the liberation of potash. This is borne out by the work of Maclntire 
etal. (8,9), Parker and Tidmore (13), Lyon (6), Plummer (16), Brown and 
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Maclntire (2), and Maclntire (7). On the other hand, Fraps (3) found that 
crops of corn, cotton, and sorghum took up slightly more potash from the soil 
after treatments with calcium carbonate or organic matter than previously. 

SUMMARY 

Synthetic potassium zeolites were leached with distilled w^ater and the suc- 
cessive portions of leachate analyzed for potassium. The data obtained could 
be expressed by means of an equation. 

Similar studies on a University farm soil and a Carrington silt loam gave rise 
to a similar equation. 

The early work on leaching by Schreiner and Failyer and by Patten and 
Waggaman has been reviewed. Their data were recalculated in the light of 
modern base-exchange ideas. It was found that their data did not fit the 
differential equation 


dy 

dv 


“ A' (A - y) 


very well, nor the resulting integral equation 

log (.4 - y) — loj^ .1 = —Kv 


The data did seem to agree much better with an equation of the type 

'« (rr-f) - 


where p is a fraction. 

The constants in the leaching equation were fairly uniform for the non- 
calcareous soils. Those for the calcareous soils indicated a much lower rate of 
loss of potassium, whereas the constants for synthetic zeolites fell between 
that for calcareous and non-calcareous soils. 

Although the constants in the leaching equation for potassium for widely 
different soils vary considerably, it seems plausible that for a particular series a 
single set of constants would hold fairly well and that the use of an equation 
containing these constants would enable one to estimate the rate of loss of 
potassium over periods of a few years. 
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All soils contain organic matter, which in turn contains carbon as an element 
essential to its organic character, and some of which contains nitrogen in organic 
combination. 

This organic content results from the addition to the soil of the remains of 
plants, animals, or microorganisms living on or in it. In the changes that take 
place in the decay of such remains the proportion of carbon to nitrogen becomes 
less, the carbon disappearing for the most part in the form of carbon dioxide. 
In the original vegetable or animal remains the proportion of carbon to nitrogen 
is about 40 to 1, except in the ca>e of leguminous plants with higher nitrogen 
content, when it may be as low as 25 to 1. In soils, however, it has been com- 
monly held that it is about 10 to 1 and does not vary much; but it has not been 
apparent just to what extent this assumption of a uniform ratio of 10 to 1 is 
based on analytical data. Our know ledge of definite nitrogenous organic com- 
pounds in soils is not very extensive, but we know that such compounds have a 
low C:X ratio; for instance, arginine 5.5:1, histidine 2.6:1, xanthine 1.4:1, 
lysine 2.6 : 1 , cyanuric acid 0.55 : 1 . 

In the ordinary fractionation of soil organic matter, whether by acids, alkalis, 
or organic solvents, it is difficult to obtain fractions that are free from nitrogen. 
However, on purification by precipitation or repeated solution, a considerable 
quantity can be obtained nitrogen free ; and it is quite apparent that the organic 
matter of soils is made up of a mixture of compounds— some containing nitro- 
gen and others none; and it might very well be assumed that the proportions of 
these two classes of compounds would vary in different soils, with a correspond- 
ing variation in the C:N ratio. 

With a view to determining how far analytical data support the contention, or 
assumption, that this ratio of C to N in soils is fairly constant, analyses made in 
these laboratories for other puqxxses have been reviewed. 

The soil samples represent 65 locations in 12 states. In most instances 
samples at three or more levels w ere taken, making 172 samples in all. 

The samples w ere taken at points where it w as proposed to carry on fertilizer 
experiments, and the soils were in cultivation at the time the samples w f ere 
taken. The upper profile of such soils had, of course, been disturbed, but the 

1 Assistant and senior biochemists, respectively, soil fertility investigations. 
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division between samples was made at depths where color and texture indicated 
a change from one horizon to another. No horizon designations have been 
used; however, the depths to which the samples were taken are stated. 

The total carbon was determined by combustion in oxygen, and carbon 
dioxide from carbonates, if present, was deducted from that obtained in com- 
bustion, the difference being stated as organic carbon. 

The nitrogen was determined by the Kjeldahl method not modified to include 
nitrates, but should some nitrate appear in the total by the method used, the 
possible increase would not be significant. A nitrate (NO s ) content of lOOp.p.m. 
which might be considered excessive, would mean, if it were all recovered, an 
increase in the total N content of only 0.002 per cent. 

The analytical data and calculated C:N ratios are given in table 1. The 
average C:N ratio given for each location is the average without weighting for 
variation in the depth to which samples were taken. 

The first point apparent on a review of the figures in table 1 is the quite wide 
variation from the commonly accepted ratio of 10: 1 . The highest, 35.2 : 1 was 
found at the 18- to 36-inch level in the Iberia silty clay loam at Franklin, 
Louisiana; and the lowest, 3.5: 1 at the 24- to 36-inch level in the Bladen fine 
sandy loam at Baldwin, Florida, with other ratios pretty well spread between 
these points. 

The second point is that in most cases there is a regular lowering of the ratio 
from the top to the lowest horizon, this being the case in 42 samples out of 46 
where three or more depths are represented. 

There are 3 samples where the ratio is highest at the lowest depth, and 6 
samples where the ratio at the top is three times the ratio at the lowest level. 
There are 28 locations out of the 76 where the ratio is less than 10: 1 ; 4 where it 
is 10+ : 1 ; and in the remaining 44, 11:1 or above. The average of all the 
samples without weighting for variation in depth of samples is 10.5: 1, and the 
average of all surface samples is 12.8:1. The average of all samples at 36 
inches is 8.2:1. 

Other comparisons may, of course, be made, but the figures speak for them- 
selves in opposition to the contention that the proportion of carbon to nitrogen 
in average American soils is uniform. 

In a series of plats at Tif ton, Georgia, devoted to green manuring experiments, 
the analytical data are of interest in this connection. In the plats which 
receive green manure treatment, the figures for 1928 show a nitrogen 
content practically uniform, the variation being from 0.03 to 0.04 per cent. 
The carbon content, although not so uniform, showed no wide variation, being 
from 0.71 to 1.03 per cent. The C:N ratio varies from 18:1 to 27:1 with an 
average of 22.7: 1. This offers a good example of the ratio being maintained 
by annual additions cf fresh vegetable matter with a ratio probably in excess of 
30 or 40 to 1 at a point twice that accepted as the normal. 

A further example of extreme variation in the C : N ratio was found in partial 
analyses of samples of soil from Fontana, California. In these 6 samples the 
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TABLE 1 

A nalytical data and calculated C:N ratios of the soil samples studied 


LOCATION AND BOIL TYPE 


Presque Isle, Me., Caribou loam. 


Presque Isle, Me., Washburn loam 

Allentown, Pa., Berkshale loam . . . 

Bridgeton, S. J., Sassafras loam 

Freehold, N. J., Sassafras loam 

Holmdel, J , Sassafras loam .... 


Hightstown, N. J., Sassafras gravelly 
sandy loam 


Long Island, N, V , Sassafras sandy loam 


Cape Charles, Va , Sassafras sandy loam . 


Cape Charles, Va., Sassafras sandy loam, 
1921 field 


Cape Charles, Va., Sassafras sandy loam, 
1923 field 


Bridgetown, Va., Sassafras sandy loam. 


DEPTH 

kiteogen 

OIGANIC 

CARBON 

RATIO 

C TO N-l 

inches 

per cent 

per cent 


0-8 

0.227 

3 00 

13.2 

8-12 

0.141 

1 55 

10.9 

12-18 

0.077 

0.77 

10.0 

18-36 

0.071 

0.50 

7.0 

0-8 

0.320 

4.90 

15.3 

0-8 

0.176 

1.81 

10.2 

8-18 

0.088 

0.81 

9.2 

18-36 

0.046 

0.19 

4.1 

0-10 

0 125 

1.20 

9.6 

10-20 

0.031 

0.23 

7.4 

20-36 

0.022 

0.15 

6.8 

0-10 

0.143 

1.66 

11.6 

10-20 j 

0.038 

0.33 

8.7 

20-36 

0.023 

0.09 

3.9 

0-12 

0 142 

1.59 

11.1 

12-18 

0 042 

0.43 

10.3 

18-36 

0.037 

0.21 

5.6 

0-10 

0 090 

0.92 

10.2 

10-18 

0 038 

0 32 

8.4 

18-36 

0 022 

0.16 

7.2 

0-10 

0.116 

1.61 

13.8 

10-18 

0 054 

0 53 

9.8 

18-36 

0 032 

0.27 

8.4 

0*8 

0 069 

0 86 

12.4 

8-15 

0 040 

0.31 

7.7 

15-36 

0 039 

, 0.22 

5.6 

0-7 

0 075 

0.91 

12.1 

7" 16 

0.035 

0.38 

10.8 

16-36 

0 029 

0.30 

10.3 

0-8 

0 065 

0 69 

10.6 

8-18 

0 026 

0.19 

7.3 

18-36 

0 023 

0 09 

3.9 

0-8 

0 052 

0.51 

9.8 

8-18 

0.030 

0*4 

4 6 

18-36 

0 030 

0.22 

<3 
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TABLE l— Continued 


LOCATION AND SOIL TYPE 


West Norfolk, Va., Norfolk fine sandy 
loam 


Portsmouth, Va., Norfolk fine sandy loam, 
1921 field 1 


Portsmouth, Va., Norfolk fine sandy 
loam, 1922 field 


Suffolk, Va., Bladen fine sandy loam 


Darlington, S. C., Norfolk sandy loam . j 

( 

Darlington, S. C., Norfolk coarse sandy | 
loam, 1919 field j 

Florence, S. C., Norfolk fine sandy f 

loam j 

l 

Florence, S. C., Norfolk very fine sandy j 
loam , j 

Darlington, S. C., Portsmouth sandy loarn T j 

New Bern, S. C., Portsmouth sandy loam . . { 


Darlington, S. C., Ruston sanciy loam 
1920 field 


Fayetteville, N. C, Ruston sandy loam. . A 


Bennettsville. S. C., Marlboro sandy loam . 


DEPTH 

NTTROGEN 

ORGANIC 

CARBON 

RATIO 

C TO N-l 

AVERAGE 
C TO N-1 

inches 

0-9 

per cent 

0.062 

per cent 

0.77 

12.4 


9-20 

0.021 

0 16 

7.6 

ll.l 

20-36 

0.021 

0.28 

13.3 


0-10 

0.091 

0 65 

7.1 


10-20 

0.021 

0 16 

7.6 

6..1 

20-36 

0.023 

0 10 

4.3 

1 

0-10 

0.106 

1 13 

10 6 


10-18 

0.028 

0.25 

8 9 

} 9.8 

18-36 

0.025 

0 25 

10 0 


0-8 

0 075 

0 87 

11.6 


8-18 

0 019 

0 14 

7 3 

} 8.2 

j 18-36 

0 019 

0 11 

5 7 


0-8 

0 026 

0 49 

18 1 


8-30 

0 013 

0 26 

20 0 

[ 15 4 

30-36 

0 025 

0.20 

8 0 

0-8 

0 020 

0 53 

26 5 


8-20 

0 009 

0 11 

12 2 

} 15 7 

20-36 

0 020 

0 17 

8 5 


0-8 

0 033 

0 52 

15.7 

j 

8-18 

0 010 

0 12 

12.0 

13.9 

18-36 

0 024 

0 34 

14 2 

) 

0-8 

0 049 

1 06 

21.6 


8-18 

0 016 

0 27 

16 8 

■ 15 3 

18-36 

0 024 

0 18 

7 5 


0-8 

0 055 

0.80 

14 5 

}ll.7 

8-36 

0 027 

0 24 

8.9 

0-12 

0 052 

0 96 

18 S 

| 21.4 

12-36 

0 028 

0.68 

24.3 

0-8 

0 033 

0 59 

17.8 

1 

8-20 

0 012 

0.19 

15.8 

> 13.4 

20-36 

0.015 

0.10 

6 6 

1 

0-8 

0.034 

0.77 

22.6 

) 

8-18 

0 009 

0 14 

15.5 

} 15.3 

18-36 

0 033 

0 26 

7.8 

1 

0-8 

0 042 

1 05 

25.0 


8-14 

0.013 

0.19 

14.6 

15.2 

14-36 

0.031 

0.19 

6.1 
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TABLE I — Continued 


LOCATION AMD SOIL TYPE 


Lucama, N. C., Marlboro sandy loam j 

Athens, Ga., Cecil sandy loam 


Shelby, X. C., Cecil sandy loam. 


Gastonia, X. C., Cecil fine sandy loam. . . < 


0 


Lamar, Colo., Manville silt loam, Center f 
Farm 1923 j 

Lamar, Colo., Manville silt loam, Field 
No. 2, Center Farm 1924 


Lind wood. X C.. Davidson clay loam 


New Hem, X C, Dunbar tine sandy )! 
loam ] { 


Fayetteville, X. C., Wickham fine sandy fi 
loam .... . ' ! 


Kings Mt , X. C., Appling sandy loam.. ! 

) i 
d 

J 

I ! 

1 j 

Co/.ad, Xeb., 1 lall very fine sandy loam, i j 


Grand Island, Xeb., Cass fine sandy loam < j 


Kocky Ford, Colo., Las Animas clay. 


DEPTH 

NITROGEN 

ORGANIC 

CARBON 

RATIO 

C TO N-l 

AVERAGE 

C TO N-l 

inches 

0-5 

3 Per cent 

0.055 

Per cent 

0 99 

18.0 

| 13.0 

12-18 

0.031 

0.25 

8.0 

0-8 

0 051 

0.70 

13.7 

| 12.9 

8-36 

0.027 

0.33 

12.2 

0-8 

0.034 

0.59 

17.3 


8-15 

0.027 

0 36 

13.3 

l 14.4 

15-36 

0 021 

0.27 

12.7 


0-10 

0 041 

0.56 

13.6 


10-18 

0 033 

0 36 

10.9 

} 10.3 

18-36 

0.018 

0.12 

6.6 


0-7 

0 066 

1.12 

16.9 

| 14.8 

7-12 

0.055 

0 70 

12.7 

0-8 

0 065 

0.98 

15 0 


8-18 

0 020 

0 16 

8.0 

} 9.6 

18-86 

0 027 

0.16 

5.9 

1 

j 

0-7 

0 032 

0.34 

10 6 

9.4 


0.035 

0.29 

8.3 

0-8 

i 0 044 

0 93 

! 21.1 

| 

8-18 

0 027 

0 34 

12.6 

^ 14.7 

18-36 

0.018 

0.19 

10.5 

1 

0-10 

0.141 

1.66 

i 

; 11.7 


10-18 

0.105 

1.13 

! 10.7 

■ 9.8 

18-24 

0 072 

0 66 

| 9.1 

24-36 

0 .047 

0.37 

7.8 

1 


0-10 

0.148 

1.47 

j 9.9 


10-18 

0 069 

0.65 

94 

• 8.0 

18-24 

0 024 

0.19 

7 8 

24-36 ! 

i 

0.021 

0.11 i 

1 

i 5.2 

! 


0-8 

0.103 

0.85 

00 

Ki 


8-18 

0 071 

! 0.58 

8.1 

> 7.6 

18-24 

0 043 

0.31 

7.2 

24-36 

0 044 

0.32 

7.2 


0-8 

0. *09 

0.97 

8.8 

) 

8—18 

0 096 

0.90 

9.3 

}■ 8.8 

18-36 

0.037 

0.31 

8.3 

1 

0-10 

0.118 

1.06 j 

8.9 
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TABLE 1 -Continued 


LOCATION AND SOIL TYPE 

DEPTH 

NITXOGEN 

ORGANIC 

CARBON 

RATIO 

C toN-1 


inches 

Per cent 

Per cent 


Rocky Ford, Colo., Rocky Ford Loam, 





Test plots 1924 

0-13 

0 095 

0.90 

1.20 

0.78 

0 25 

9.4 

9.3 1 

7.4 

5 1 j 

Rocky Ford, Colo., Rocky Ford fine sandy 1 
loam, Research plots 1925 | 

0-8 

8-15 

15-36 

0.128 

0 105 

0 049 

f 

0-8 

0.107 

0 88 

8.2 

Avondale, Colo., Rocky Ford fine sandy j 

8-13 

0.078 

0.62 

7.9 

loam ] 

13-24 

0.048 

0.34 

7 0 

i 

24-36 

0.033 

0 21 

6 3 

Lamar, Colo., Otero sandy loam 

0-10 

0 101 

1 00 

0 56 

9 9 

| 

0-10 

0 074 

7 5 ) 

Alamosa, Colo., San Luis sandy loam . ... \ 

1 10-24 

0 052 

0 28 

5 3 

\ 

24-36 

0 0.G 

0 14 

4 2 j 

Las Animas, Colo., Ft. Lyon Clay loam. . 

0-9 

0 174 

i.<y 

9 4 


(V8 

0.140 

1 28 

9.1 

Lamar, Colo., Prowers clay 

8-18 

18-24 

0 110 

0 071 

0 87 

0 51 

7 9 

7.1 


24-36 

0.050 

i 

0.36 

i 

7 2 i 

Lamar, Colo., Prowers loam 

(M> 

1 

0 140 ] 

i 

! 1 31 

! 9,3 

! 

f 

0-9 

0 136 | 

i i6 i 

8 5 ) 

Lamar, Colo., Prowers loam \ 

9-18 

0 082 j 

0 o2 

7 5 

I 

18-36 

0 051 1 

i 

0 31 

6 0 ] 

Lamar, Colo., Prowers clay loam 

0-9 

1 

0 136 

1.12 

8 2 

f 

0-9 

0. 160 

1.28 

8 0 ] 

McClave, Colo., Prowers clay loam \ 

9-20 

0 088 

0 66 

7.5 

\ 

20-36 

0 051 

0 32 

6.2 ] 


0-8 

0 150 

1 36 

9.0 1 

Wiley, Colo., Prowers day loam, 1922 field 

8-18 

18-24 

0 080 
0.052 

0.61 

0.28 

7 6 

5 3 


24-36 

0,042 

0 30 

7.1 

Wiley, Colo., Prowers clay loam, 1923 J 

0-8 
&- 18 

0.210 

0.091 

2.01 

0 76 

9.5 ) 

8.3 

18-36 

0.082 

0.32 

3.9 j 

Wiley, Colo,, Prowers clay loam, 1924 





field 

0-9 

0.174 

1.63 

9 3 


AVERAGE 

C toN-1 


7.2 


7.3 


5.6 


7.8 


7.3 


7.1 


7.2 


7.2 
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TABLE 1 — Concluded 


NITROGEN 

01GAN1C 

CARBON 

RATIO 

C TO N*1 

Per cent 

0.134 

per cent 

1.12 

8.3 ] 

0.066 

0.43 

6.5 

0.052 

0.30 

5.7 J 

0.154 

1 74 

11.2 1 

0 071 

0.56 

00 

0 051 

0.28 

5.4 j 

0 135 

1.26 

9.3 ) 

0.070 

0 43 

6.1 

0.128 

0 71 

5.5 j 

0.113 

1.56 

13.8 ) 

0 066 

0 65 

9 8 [ 

0 065 

0 61 

9.2 J 

0.125 

1.41 

11.2 

0.078 

0.67 

8 5 

0 048 

i 

1 .69 

35.2 

j 0 154 

2 01 

13 0 ) 

j 0 125 

1 53 

12 3 | 

0.073 

0.46 

6.3 ] 

0 041 

1 00 

24.3 ] 

0 031 

0 58 

18.7 > 

0 033 

0.30 

9.1 J 

0 056 

0.84 

15.0 ) 

0 026 

0.40 

15 3 

0.029 

0.30 

10.3 J 

O.03O 

0.55 

15.2 ] 

0 026 

0 31 

11.1 

0.023 

0.17 

7.4 j 

0.032 

0 59 

18.4 ) 

0 032 

0 44 

13.7 

0.026 

0 22 

8.4 | 

0.085 

100 

11.7 ) 

0.045 

0.16 

3.5 j 


LOCATION AMO SOIL TYPE 


DEPTH 


Salt Lake City, Utah, Jordan sandy 
loam 


Franklin, La., Collins silt loam, 1923 
Experiment 


Franklin, La., Collins silt loam, 1925 * 
Experiment 1 

( 

Franklin La., Iberia silty day loam, 1924 | 
Irrigation Experiment ] 


Franklin, La., Iberia silty day loam, 1924 j 
Experiment V 

u 


inches 

0-10 

10-22 

22-36 

0-10 

10-18 

18-36 

0-10 

10-18 

18-36 

0-9 

9-18 

18-36 

0-10 

10-18 

18-36 


Franklin, l,a , Iberia silty day loam, 1925 ' ! 


Experiment 

Monticdlo, Fla , Norfolk dandy loam 

Cairo, Ga., Norfolk fine sandy loam. 


'll 1S-36 

j 

, * 0 - 8 

. ’ 8-18 

18-36 

v I 

i' (MO 
, 10 18 
[j 18-36 

(! 0-10 

Pecan City, Ga., Greenville sandy loam. % { 10 15 

15-30 


DcWitt, Ga., Greenville tine sandy loam. 

Baldwin, Fla., Bladen fine sandy loam. 


0-8 
8-15 
15-36 

0-6 
\j 24-36 


6.8 


8.1 


6.9 


10.9 


18.3 


10.5 


17.3 


13.5 


11.2 


13.5 


7.6 


N varies from 0.01 to 0.08 per cent and C from 0.11 to 0.79 per cent. The 
C:N ratio varied from 11.5: 1 to 1.8:1, the latter in a soil at the 36-inch level 
containing 0.06 per cent N and 0.1 1 per cent C. The water extract of this soil 
gave no reaction for ammonia, nitrates, or nitrites. 
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In considering the organic content of soils in relation to soil fertility, it is 
important to know, not so much the quantity of organic matter, but how much 
of it is available for supplying food for microorganisms. Since we know that 
the ratio of carbon to nitrogen in fresh vegetable material is 25: 1 or more, and 
since such material is a good source of food for the microflora of the soil, it would 
seem that a C:N ratio approaching 20:1 might be considered as indicative of a 
fair supply of decomposable organic matter and that where the ratio is 10: 1 or 
less, the organic matter is well advanced to the stage where further decomposi- 
tion will be slow. 

This conclusion, however, must be accepted with some reservations. The 
analytical figures in table 1 show that occasionally there is a high ratio at a low 
level (36 inches) where this could not be explained by recent additions of fresh 
organic material, but rather it would appear that such high carbon ratio might 
be due to an accumulation of organic compounds, the nature of which we, at 
present, know practically nothing. An inspection of the data, however, shows 
that abnormally high C : N ratios at lower levels are of rare occurrence. 

In considering the relation of the C:N ratio to soil fertility, the ratio alone 
does not indicate the quantity of decomposable organic matter, since it is pos- 
sible to have a C:N ratio much greater than 10:1 in the presence of but very 
small quantities of organic matter. For instance, in the Wickham fine sandy 
loam, at Fayetteville, North Carolina, with 0.54 per cent C, and a C;N ratio 
of 16,2:1, the total organic matter calculated by the Van Bemmeh'n factor 
is only 0,5 per cent; whereas the Davidson clay loam, from Lin wood, North 
Carolina, with 1.12 per cent C and a ratio of 16.8: 1 , contains on the same basis 
three times as much organic matter, viz. 1 .64 per cent. 

It is evident then, that although a high C:N ratio in a surface soil maybe 
taken as an indication of the presence of organic matter that can be readily 
decomposed and thereby furnish food for microorganisms, it is no indication 
of the quantity present. 

The calculation of total organic matter in soils is frequently made by multi- 
plying the quantity of carbon dioxide obtained by combustion by the Van 
Bemmelen factor 0.471 (or C multiplied by 1.724). In view of the fact that 
soil organic matter is made up of numerous compounds with different carbon 
content, such calculation can be considered but an approximation and is so 
regarded where it is intelligently used. It has been proposed to calculate the 
organic matter by multiplying the nitrogen content by a factor —20 being pro- 
posed. In view' of the fact that soils contain organic compounds that are 
nitrogen free and that the nitrogen in those containing nitrogen is variable, 
the use of such a factor could again be nothing more than an approximation, 
with the advantage, if any, of eliminating the carbon determination, 

A few calculations made from the data in table 1 disclose the fact that there 
is only occasionally an agreement in the organic content calculated by these 
two methods. For example : 



SOME CARBON-NITROGEN RELATIONS IN SOILS 265 


Iberia silty clay loam 
Franklin, La. 

0-10 

N X 20 » 3.08 organic matter 
C X 1 .724 = 3.45 organic matter 

Hall fine sandy loam 

0-10 

N X 20 = 2 . 82 organic matter 
C X 1.724 ~ 2.86 organic matter 

Prowers loam 

Lamar, Colo. 

0-9 

N X 20 * 2 . 80 organic matter 
C X 1.724 = 2.25 organic matter 

Prowers clay loam 

Wiley, Colo. 

0-8 

N X 20 = 4.20 organic matter 
C X 1 .724 = 3.45 organic matter 

Portsmouth sandy loam 
New Bern, S. C. 

0-12 

N X 20 = 1 . 04 organic matter 
CXI. 724 ~1.65 organic matter 

Davidson clay loam 

Lin wood, N. C. 

0-7 

N X 20 = 1.32 organic matter 
C X 1 724 -- 1 93 organic matter 

Caribou loam 

Presque Isle, Me. 

0-8 

N X 20 = 4 . 54 organic matter 
C X 1 724 - 5.11 organic matter 

Sassafras sandy loam 
Bridgetown, Va. 

0-8 

X X 20 = 1 04 organic matter 
C X 1.724 = 0.87 organic matter 


Although the figures for Hall fine sandy loam and Sassafras sandy loam are 
in close agreement, in the others the differences are from 10 to 50 per cent of e the 
total. Since the Van Bemmeh'n factor is based on a large volume of analytical 
work and is almost universally recognized as giving an approximation, the cal- 
culation of organic matter by multiplying the X by the factor 20 does not ap- 
pear to have much to recommend it. This is further emphasized by calculating 
the organic matter N X 20 and then calculating the percentage of carbon in 
the organic matter from the total organic carbon in the soil. 


Portsmouth sami> loam 
New Bern, S. C. 

0 8 

X X 20 -- 1 04 organic matter 

T otal C - 0 90 which gives organic matter con- 
taining 92 per cent C. 

Marlboro sandy loam 
Lucama, X. C. 

0-8 

X X 20 =1 10 organic matter 

Total C = 0 99 which gives organic matter con- 
taining 90 per cent C. 

Norfolk fine sandy loam 
Portsmouth, Va. 

20-36 

X X 20 = 0 46 organic matter 

Total C = 0 10 which gives organic matter con- 
taining 22 per cent C. 

Portsmouth sandy loam 
New Bern, S. C. 

12-30 

N X 20 = 0 56 organic matter 

Total C = 0.68 which gives organic matter con- 
taining 121 per cent C. 


Except for particles of coal, graphite, or charcoal, it is not at all likely that 
there are organic compounds in soils containing 90 to 92 per cent carbon, and 
the occurrence of any containing as little as 24 per cent carbon is also unlikely. 
The figure 121 per cent Portsmouth sandy loam indicate the absurdity of this 
calculation. 



266 


WILBUR R. LEIGHTY AND EDMUND C. SHOREY 


SUMMARY 

Analytical data obtained from 176 samples of soil from 63 locations in 12 
states show that the C:N ratio is quite variable; and, with a few exceptions, is 
highest in surface soil and becomes less at lower levels. 

It is suggested that some idea of the availability of the organic matter as 
food for microorganisms may be indicated by the C : N ratio in surface soils. 

The data show the futility of attempting to calculate the organic matter by 
multiplying the total N by the factor 20, as has been proposed. 



THE INDIRECT DETERMINATION OF VARIOUS SOIL CHARAC- 
TERISTICS BY THE HYDROMETER METHOD 1 


GEORGE JOHN BOUYOUCOS 
Michigan Agricultural Experiment Station 
Received for publication February 24, 1930 

In former communications the hydrometer method has been suggested as a 
rapid, simple, and reasonably accurate method for determining the total 
colloidal material in soils in only 15 minutes (3); for determining the total 
amount of combined sands, silt, and clay or colloids in only 15 minutes (4); and 
for making a very detailed mechanical analysis of soils (5). 

Work is being continued on this method with the idea of improving it, if 
possible, and also of trying to check it with other methods. 

One of the phases of soil physics which has lately been investigated by the 
hydrometer method consists of ascertaining the relationship that exists be- 
tween the soil material which the method determines at the end of 15 minutes 
and designates as the “total colloidal content of soils/’ and the physical pro- 
perties or characteristics of soils, such as moisture equivalent, unfree water, and 
heat of wetting ratio. 


KXPKRIMKN'IAL 

The relationship that the colloidal material, as determined by the hydrom- 
eter method at the end of 15 minutes, has to physical characteristics of soil, 
has been investigated thus far on three different soil characteristics; namely, 
heat of wetting ratio (2), moisture-equivalent, and unfree water. Experi- 
mental data have already been presented on the first two (3, 6) as well as on 
their indirect determination. In the present paper the results of a study on 
the unfree water, and additional data on the moisture equivalent will be 
presented. 

M ethods 

The procedure consisted of ascertaining first, by the hydrometer method 
(3), the total colloidal content of the soils to be used in the investigation. Then 
their moisture equiualent and unfree water content were determined by the 
new moisture equivalent ;6) and dilatometer methods (1) developed in this 
laboratory. The dilatometer method was somewhat modified in the present 
work. It consisted of placing 20 gm. of soil, based on oven-dry basis, into the 

1 Published by permission of the director as Journal Article 31 of the Michigan Agricultural 
Experiment Station. 
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special 50-cc. dilatometer, adding 10 cc. of water in the case of sandy soils and 
IS cc. in the case of clay soils, and stirring the mixture thoroughly by means of 
a wire. The dilatometer was then filled half full with ligroin of very high 
boiling point, connected to a bicycle pump and suctioned carefully to eliminate 
any air in the soil. The dilatometer was then entirely filled with ligroin; 
stoppered with a cork stopper, the top of which was smeared with tallow; and 
then placed into an ice bath having a temperature of 0.5°C. The dilatometer 
was left in this bath, with frequent stirring, until it had completely attained 
the temperature of the bath and then the reading of the ligroin column on the 
dilatometer stem was recorded. The dilatometer was then taken out and 
placed into another ice bath having a temperature of about — 10°C.; the reason 
for transferring from one temperature bath into another, is that at — ().5°C. f it 
is difficult to start solidification of the soil water and it requires a long time for 
complete solidification to take place, but around — 10°C, solidification is 
rapid, complete, and certain. After the soil water was completely frozen, the 
dilatometer was transferred again to the original temj>erature bath of — 0.5’C. 
and allowed to remain there until it attained this original temperature. The 
ligroin column was again read on the dilatometer stem and from the difference 
of the two readings the amount of water that failed to freeze at — ().5°C. was 
calculated. The calculations were based upon the exj)erimental finding by 
this dilatometer method that 1 cc. of water at 0°C. expands 0.1 cc. upon freezing. 

In order that the dilatometer results of the various soils might l>e comparable, 
all the soils were washed several times w ith distilled water for the purpose of 
eliminating their soluble salts. 


Data 

In table 1 are shown the amounts of water that failed to freeze at - 0.5°C. 
for a group of representative soils, also their colloidal content and moisture 
equivalent, and the relationship or ratio that exists between any two of them. 

The data in table 1 show that the percentages of colloids, unfree water, and 
moisture equivalent vary widely for the different soils, all three tending to be 
high with fine-textured soils and low with coarse textured soils. When these 
results are reduced to a ratio basis by dividing the unfree water by the colloids, 
the moisture equivalent by the unfree water, and the moisture equivalent by 
the colloids, their significance is revealed. Then it is at once seen that all the 
different soils have a close relationship within each of the three different ratios; 
and when it is considered that these different soils vary greatly in their chemical 
composition and in some of their physical chhracteristics, these ratios are 
remarkably close. It will be seen that most of the soils in all three cases give a 
ratio close to the average. The soils the ratios of which seem to vary the most 
from the averages, are those containing organic matter, as exemplified by Fargo 
clay loam, Minnesota Clyde silt loam, and Michigan silt loam. One reason 
that organic soils give a higher ratio is probably because some of the organic 
matter is almost impossible to disperse and consequently the hydrometer 
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method may not determine the entire colloidal content (3). Also, since or- 
ganic matter has a lower specific gravity, and the hydrometer has been cali- 
brated on average loam soil suspension, a smaller amountof suspended material 
will be shown than there actually is. 

At this juncture, it must be also stated that some abnormal soils do not give 
as close ratios as the ordinary or normal soils shown in table 1. By “abnormal 
soils” is meant calcareous soils that may contain 50 per cent or more of car- 
bonates; certain subsoils such as the Susquehanna clay C horizon, which seem 
to be composed mostly of Fuller’s earth; mucks and peats; and undecomposed 


TARLE 1 

Total soil colloid (, uti/rec water, and moisture equivalent and the relationship that exists between 
any (u<c of them in Ike various types of soil 





MOTS- { RATIO 1 RATIO 

| RATIO 

‘-•'ID 

' * ttl.- 

l NTRI.K 

U ; M Et 

I M E 



j 

ALLKT j COLLOIDS t‘ \Y 

COLLOIDS 


, pe r cent 

per cent 

Per cent 

! 

Ontario silt loam B 

. 65 0 

16 5 : 

38 00 0 254 2 50.3 

0 5843 

Fargo da> 

. 62 0 

20 0 

49 00 \ 0 322 , 2 450 

,0.7900+ 

Cecil day ioam It 

(0 7 

15 9 

38 40 , 0 262 j 2 415 

0 6328 

Ontario silt loam A 

58 5 

15 2 

36 50, 0 257 , 2 402 

0.6240 

Miami silt loam 

54 5 

13 6 

32 10 0 250 ; 2 360 

0 5890 

(la } Bremer day 

58 6 

13 5 

.3.3 20 0 252 ! 2 .460 

0 6194 

Napa nee day loam A 

47 4 

12 4 

31 10 0 262 i 2 508 10.6560 

(Minn.) Clyde silt loam . . 

. 45 0 

12 2 

33 20 0 284 j 2 721 

■0 7720+ 

Manor schist loam 1> 

32 5 i 

9 3 

19 80 0 286 2 130 

( 0 . 6093 

Brookston clay loam A ; 

30 0 

8 9 

18 60i 0 297 ! 2 090 

0 6200 

(Mich ) Silt loam . 

26 0 1 

7 6 

15 50 0.292 , 2 040 0 5900 

(Mich.) Silt loam . . 

22 4 

7 2 * 

15 90; 0 321 . 2.209 

;0 7100J 

Fox loam B t 

. 21 4 i 

7 1 , 

14 85 : 0 322 ! 2.092 

;0 6940 

Strong’s sandy loam . . 

10 4 

3 2 i 

6 50. 0.308 | 2 032 

0 6250 

Average 


- { 
i 

j 0 2835; 2.301 

0 6515 


• U. \V. - unfret* water. 

1 M. E *» moisture equivalent. 

X Soils containing high content of organic matter. 

organic matter in general. For such abnormal soils, probably the best method 
to use for determining their total colloidal content is the indirect method of the 
moisture equivalent (6). By determining the moisture equivalent of these 
soils by the procedure already described their total colloidal content can 
be ascertained by dividing the percentage of moisture equivalent by the 
average ratio of moisture equivalent. 

When this procedure is applied to Fargo clay and Clyde silt lo; m in table 1, 
it is found that the colloidal content of these soils is considerably increased, and 
their ratio is thereby brought much closer to that cf the inorganic soils. 
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It must be remembered, however, that the difference in the specific gravity 
between the inorganic and organic soils, introduces many complexities which 
must be taken into consideration in any comparative relationship studies. 

Aside from these abnormal or special cases, the results in table 1 tend to 
show quite conclusively that the material which the hydrometer method deter- 
mines at the end of 15 minutes and designates as colloids, practically controls 
the physical characteristics of soils, at least those that deal with moisture rela- 
tionships. If this were not the case, the ratios would not be so close for the 
various types of soil. 

These ratios reveal one more significant thing, namely, the hydrometer for 
determining colloids, the dilatometer for determining unfree water, and the 
vacuum pressure method for determining moisture equivalent of soils, would 
seem to be fundamentally sound and correct, at least they tend to give true 
comparative results for the various soils. 

Indirect determinations 

Since the relationships between colloids and unfree water, between unfree 
water and moisture equivalent, and between colloids and moisture equivalent 
are so close, when one result is known the other can be calculated from the 
respective average, as indicated by the formulas: 

f Moisture equivalent 

Colloids X — ratio = per cent moisture equivalent, 

Colloids 


Moisture equivalent 


Moisture equivalent 
Colloids 


ratio 


per cent colloids, 


Unfree water 

C» <Hoids X — “7“ — ratio * per cent unfree water, 
Colloids 


Unfree water 

— per cent colloids, 

Unfree water 

Colloids raU ° 


Moisture equivalent 
Moistu re equivalent 
Unfree water 


ratio 


per cent unfree water. 


Wilting coefficient 

The unfree water shown in table 1, has a special interest and significance in 
that it might represent the wilting coefficient of plants, and in that event, the 
latter can be determined indirectly very rapidly and simply by the hydrometer 
method. 
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The belief that the unfree water of the various soils as obtained by super- 
cooling and freezing them at the temperature of — 0.5°C. might represent their 
respective wilting coefficient points, is based upon two well-founded facts: 
First, the careful researches of Shull (8) on the measurement of the surface 
forces of soils, seem to show that the suction force of the soil for water at the 
wilting point is about 4 atmospheres; second, according to the laws of the freez- 
ing point depression the suction force of soil for water at the freezing point 
depression of — 0.5°C. is about 6 atmospheres. This latter result is obtained 
from the well-known facts that a molar solution has an osmotic pressure of 
about 22.4 atmospheres and that the freezing point depression of a water solu- 
tion containing 1 gram molecule per liter of non-ionized salt is 1.86°C. Accord- 
ing to this figure, and assuming the relationship is linear, the suction forces of 
soils for water corresponding to various freezing point depressions are about 
5.95 atmospheres for ~0.5°C., 17.9 atmospheres for —1.5°, 29.8 atmospheres 
for —2.5°, 47.7 atmospheres for — 4 D , and 937 atmospheres for —78°. 

If the unfree water then as obtained at the temperature of — 0.5°C. does 
actually represent the willing coefficient points of soils, then the wilting coeffi- 
cient of practically any soil can be determined very simply in only 15 minutes 
by means of the hydrometer method. The formula that may be used to accom- 
plish this indirectly is as follows: 

iVnvntiiRc coil* mis X 0 2S35 = wilting coefficient, 

Since the results obtained by the foregoing formulas have not been checked 
as vet by actual experimentation with plants, it cannot be said how correct 
they are. Judging, however, from the apparent soundness of the principles on 
which they are based, and also from a comparison of magnitude of actual wilt- 
ing coefficient data, as obtained by Briggs and Shantz (7) on somewhat simi- 
lar soils, it would appear that they might be quite correct, at least in the normal 
soils. 

It is thus seen then, that on account of the great rapidity, distinct simplicity 
of manipulation, and reasonable degree of accuracy, the hydrometer method 
may not only be employed to estimate the colloidal content of soils very rap- 
idly, but may also be used to determine very quickly several characteristics of 
soils. These indirect determinations, however, should be regarded only as 
approximately correct. 


SUMMARY 

Experimental results are presented which tend to show that the soil material 
which the hydrometer method determines at the end of 15 minutes and desig- 
nates as total colloids of the soil, has a close relationship to the moisture equiva- 
lent and unfree water of soils. 

On account of this dose relationship, these physical characteristics of soils 
may be indirectly determined very quickly by the hydrometer method. 
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It also appears that the wilting coefficient of soils also may be indirectly 
determined by the hydrometer method very rapidly. 

These various indirect determinations should be regarded only as approxi- 
mately correct. 
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Irrespective of the extensive investigation on the injurious effects of soil 
acidity on inoculation and growth of legumes, the nature of these effects is not 
yet fully understood. The question naturally arises: is the failure of nodulation 
due to the detrimental effects of the hvdrogen-ion or hydroxyl-ion concentra- 
tion directly on the legume bacteria or does the concentration in some way bring 
about unfavorable conditions in the plant which prevent the entrance of the 
specific bacterium or prevent nodule formation even if the bacterium is present 
in the plant tissue. Since this question has an important bearing on the prob- 
lem of obtaining good legume inoculation in certain acidic soils, the experi- 
ments reported herein were conducted to determine whether successful inocula- 
tion might be obtained by reducing the acidity in only a portion of the soil; 
and in the meantime to study the effects of different hvdrogen-ion concentra- 
tions in scattered local areas in the same soil on nodulation, root growth, and 
top growth of soybeans. 


UTKRA'lUKi: REVIEW 

Fred and Davonjx>rt (7) found that the favorable reaction range of Hac radiiicola is closely 
correlated with that for its respective host. As a consequence of their findings, they were 
enabled to classify Rac. radicUola from different plants according to pH limits for growth or 
reproduction. For the soybean organism the critical acidity was found to be at pH 3.3. 
Bryan (4) observed that the limits for inoculation of soybeans were pH 4.6 and 8.0, whereas 
those for the growth of the soybean plant were pH 3 8 and 9.6. The aforementioned data 
suggest that if the lack of nodulation is ascribable to some failure of the organism, certainly 
it is not because the organism is not present, since it will live in a hydrogen-ion concentration 
(pH 3.3) far beyond the limits (pH 4.6) in which it will inoculate However, it is possible that 
it loses its power of motility or virulence to enter into the plant root tissues, or if it enters, it 
may fail to perform its normal function. 

Sniezko (17) more recently found that either too high or too low pH induced the production 
of the vacuolated form of legume bacteria, which is thought by Bewley and Hutchison (3) 
and by Thornton and Gangulee (18) to lack the power to inoculate. According to Thornton 
and Gangulee, milk and calcium phosphate in the inoculum suspensions favor the production 


1 Thanks are due to Dr. Wm. A. Albrecht, under whom the author worked, for his valuable 
criticisms and suggestions in connection with the present work and the preparation of this 
paper. 
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of the supposedly virulent forms; and on this basis they recommend the inoculation of the soil 
with bacterial suspension in milk to which is added 0.1 per cent of calcium phosphate. They 
attribute the beneficial effects to the phosphorus. 

Wilson (21) Perkins (14), and Kellerman and Robinson (10), have found the calcium com- 
pounds, with the possible exception of the sulfate and nitrate, effective in stimulating nodule 
formation in sand and soil cultures under greenhouse conditions. 

Scanlan (16) and Albrecht and Davis (1) obtained increases both in nodulation and growth 
of legumes on several Missouri acid, and supposedly calcium-deficient, soils to which cither 
basic or neutral salts have been added both under greenhouse and field conditions. 

Bryan (4) observed that outside of certain limits of the hydrogen-ion concentration of the 
growing medium in which nodulation was depressed, the roots were discolored and injured, 
whereas the secondary roots were stubby. 

Whitson and Chapman (20) report that in many soil types in Wisconsin, acidity is not the 
only factor limiting growth but that deficiency of calcium, of potassium, or of phosphorus 
may also be a factor. 

Since acidity in soils is generally associated with low amounts of calcium, and since legumes 
utilize comparatively large amounts of this element, it is difficult to ascertain whether the 
limiting factor is the reaction or the deficiency of calcium. True (19) has pointed out that 
calcium is the most important single element, especially during the early stage of plant growth, 
since it plays a unique r61e in the middle lamellae of the plant and in absorbing mechanism of 
the plant root. He found that the magnitude of the limiting quantity of calcium and its 
absorbability from dilute concentrations of calcium in solution are very closely correlated 
with the degree of acidity tolerance of plants. The legumes were found to be among those 
plants which normally require comparatively large amounts of calcium for normal growth to 
maturity. 

Arrhenius (2) carried out extensive researches on the influence of the different forms of 
acidity, such as free, exchangeable, and hydrolytic, on plant growth and on the absorption 
of thi nutrients. Mevius (13) quotes some data from Arrhenius on the absorption C) f the 
nutrients at different pH values, and states that the absorption is proportional to the pH; 
however, the permeability of the cell does not depend on the II or OH ion alone, but also on 
the kind, number, and mutual relationships of the other ions. Bryan (5) observed a similar 
decrease of calcium content in alfalfa, alsike clover, and red clover with an increase of acidity 
of the water cultures in which they were grown. Kirste Ml) reports that the unfavorable 
influence of the exchangeable acidity could be removed by treatment of some of the more 
susceptible crops such as barley, beets, and mustard, not only with calcium carbonate but 
also with soda. 

Jansen (8), working with some southern legumes, obtained increased growth and nodula 
tion by modifying the acidity by addition of sodium hydroxide as well as of calcium hydroxide 
Karraker (9) grew alfalfa in pots with part of the roots in limed and part in unlimed acid 
soils and concluded from the results obtained that the effect of soil reaction upon nodule for- 
mation must be one of localized character in the plant, or a direct effect of soil hydrogen-ion 
concentration on the bacteria. Albrecht and Davis (1) grew' soybeans with a part of the 
roots grown in an unlimed portion and part in a limed portion of an acid soil. From the 
results of this and other experiments, they concluded that calcium is beneficial and that its 
effect on nodulation is local in character. 

McCool (12) observed that local application of small amounts of lime drilled with the seed 
resulted in very good increases of alfalfa crop in many acid soils in Michigan. 

The studies mentioned in the review reveal two interesting points. The first suggests that 
Other factors, particularly calcium deficiency, may influence the effects of soil acidity on inoc- 
ulation. The second leaves the impression that soil acidity, and calcium as well, may affect 
legume inoculation through (a) their influences on the plant and (6) their influences on the 
bacteria. For fuller knowledge of how soil acidity injures inoculation it is necesary, there- 
fore, (a) that the caldum deficiency factor be eliminated, and (6) that a differentiation 
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be made between the plant and the organism, as each may be influenced by acidity 
in respect to inoculation. Accordingly, in the following experiments whereby it is intended 
to study the effect of local variation of hydrogen-ion concentration on inoculation, an attempt 
was made to eliminate the factor of calcium deficiency, and thus attempt to measure only the 
effects of the hydrogen-ion concentration on inoculation as they may be wrought through the 
plant and the organism separately. 


EXPERIMENTAL 

The soil used in these experiments was surface Putnam silt loam from a 
field in which inoculation of soybeans was observed to be difficult. It is of 
medium fertility and has a reaction of pH 4.0 to 5.5. Its electrodialyzable 
calcium content is only 4 m. e. to 100 gm. of soil. The titration curves, as 





Fu,. 1 Titration Ccrve or the Soil Usf.d 

determined from the reaction changes after equilibrium had been reached, are 
presented in figure 1. When calcium acetate was added a larger quantity 
of acid and a smaller amount of base were required to obtain the same pH 
than when no calcium acetate was added. 

Soybeans were grown under greenhouse conditions in four series of pots, 
designated as A, B, C, and IX Series A and B were prepared specially for 
the study of the effects of local variation of the hydrogen-ion concentration. 
An attempt was made in these to separate the influences of the hydrogen-ion 
concentration on inoculation as they may be effected (a) through the plant and 
( b ) through the organism. This was deemed possible by growing the roots of 
the plant through different soil areas varying in reaction. In these pots 
the soil was divided into two zones by means of paraffin screen pots. These 
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pots were made by dipping pot-shaped, screen wire frames into a molten mix- 
ture of 4 parts paraffin and 1 part petrolatum. This material when solidi- 
fied, allows the penetration of the roots without permitting any leakage at the 
points of root penetration. Into each of these paraffin pots 400 gm. of soil 
was placed. They were buried, almost to their tops, in 2,500 gm. of soil con- 
tained in gallon jars. After the treatments and after the air-dried soil was 
mixed in the ball mill, the pots with moistened soil were allowed to stand for 
about 30 days in order that an equilibrium might be reached. The soil 
both in the paraffin pots and in the jars was inoculated. 

Presumably, therefore, this system contained both the bacteria and the 
plant roots in two separate zones which differed in reaction and calcium con- 
tent. Such conditions permitted the plant at least to draw its nutrients from 
the zone of favorable reaction. If acidity is only local in its cffecct on inocu- 
lation, nodules would be formed, at least under these conditions, on the roots 
in the zone of the favorable reaction. Conversely if it is general, or systemic, 
through its effects on the plant, then irrespective of the presence of the favor- 
able soil environment for the bacteria no nodules would be likely to form in 
any part of the roots. 

Series D was prepared in order to ascertain whether the calcium as supplied 
by the calcium acetate additions would modify to any perceptible extent the 
influence of acidity on inoculation. Series C and D, added as a means of 
control for series A and B, consisted of 1-gallon jars each containing 3,(X)0 gm, 
of soil. The reaction in these was changed in the same order as in the series 
A and B. In addition, series C and I) included pots in duplicate of pH 7.0, 
7.3 to 7.5, and 8.2 to 8.35. These ranges were effected by the addition of a 
dilute solution of sodium hydroxide. To pots of series D, calcium acetate 
was added in an amount equivalent to 2 m. e. of calcium to 100 gm. of soil, 
corresponding to that added to series A and B.. 

Both the soil and seed were inoculated w ith artificial cultures. Five soybean 
plants were allowed to grow in each pot for 80 days. They were irrigated with 
distilled water, added on the surfaces in the case of the paraffin pots and through 
a small flower pot sunk in the soil. 

RESULTS 

Nodule formation was good and of about equal extent in all jars of scries A, 
or in those soil zones (pH 5.6) outside of the paraffin pots, except in one case 
in which the reaction in the paraffin pot was initially brought to a pH as low as 
3.8. In this case not only were nodules absent, both inside and outside of the 
paraffin pot, but even root growth was very poor, being badly injured within, 
and very sparse without, the paraffin pot. The failure of nodule formation 
exterior to this most acid inner zone appears to have been the result of nutri- 
tional disturbances brought about probably through injury to the inner roots. 
These results are evident from the data in column 4, series A, table 1, and are 
shown clearly in the upper halves of figure 1 and 2 of plate 1. As noted from 
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the nodule counts in column 5, series A, table 1, nodulation was absent inside 
the paraffin pots of initial acidities ranging from pH 3.8 to 4.6, but was present 
in those of initial acidities of pH 4.6 and pH 5.0 


TABLE 1 

Effect of local variation in soil reaction on the nodulation and growth of soybeans 

(Series A and B) 



0 

5 05 

I 5 15 ! 

10 

! 20 

i 1 75 

0 38 

1 1 

0 72 

4 65 

5» 1 

6 

! 7 

! 1 65 

0 31 

/Roots healthy, inside and outside 

j 

1 75 

4 35 

'46 : 

i 

! i 

Q 

0 

j 1 64 

1 

i 

! 0 32 | 

! Out, good; inside, brown, acid- 
injured 

3 20 

4.175 

4 2 | 

i 

12 

0 

j 1.70 
! 

0 27 

1 Out, fairly good. Inside, no sec- 
ondary roots 

3 57 1 

i 3 9 

4 1 

20 

! o 

! 1 50 

0 38 

Primary, acid-injured 

4 7 

: 3 8 1 

L 

4 0 1 

j j 

0 

0 

; i.is 

i 

0 15 

Out, few roots. Inside badly in- 
| jured 


Series B 


Outsi<lc{ 

Out 

Mvlr 

‘sit I 

% j T-P. j Root. 1 


0 

0.72 

vv 

. * 

5 0 j 57 

4 85 | 25 

0 ; 1 87 i 0.55 | 
0 2 ! 2 09 ! 0.29 i 

^Good, inside and outside 

1.75 
* „ * 

4.3 

46 

i 

; 34 

i 

i ! ' 

0 1 1 <90 1 0.40 ; 

| Inside good. Out, few secondary 
^ roots, all black and acid- 

3.20 

4 0 

4 2 

? 32 

i 

0 ; 1 54 i 0 35 i 

itll. 

j injured 

3 50 

3 05 ! 

4 0 

50 

O 

f 

o 

o 

r*-. 

Inside, good. Out, few or none 

4 50 i 

i 

3 875 

4 0 

1 2, 

0 | 1 76 j 0.39 j 

Inside, good. Out, none 


• Normal sulfuric acid per 100 gm. soil. 

t Term “inside” refers to soil within the screen paraffin pot given the sulfuric acid. The 
soil outside of the screen pot received calcium acetate equivalent to calcium at 400 p.p.m. of 
soil, giving it a pH of 5.6 to 5.8 constant throughout the growth period. 

X The terra “outside” refers to the soil exterior to the screen paraffin pot. Soil treatments 
were the same as* but reversed with reference to location inside or outside the paraffin pot 

In the case of series B, in which the acid and more favorable reaction zones 
were arranged in a reverse order to that in series A, the effects on nodulation 
and root growth were also correspondingly reversed. Accordingly, nodules 
were absent in the jars or in the zones outside of the paraffin pots of pH 3.8 
to 5.0 except in one of the duplicate pots of pH 4.6, but were abundant inside 
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of the paraffin pots or the zones of pH 5.6 (columns 4 and 5, series B, table 1 
and lower halves of figures 1 and 2 of plate 1). 

The data reveal a correlation between increase of acidity and increase of 
injury to the roots below pH 4.6. Beyond this limit they were black and rather 
tough, the primary roots were fewer, short, and stubby. In general, root 
growth decreased with increase of acidity within its zone. 


TABLE 2 

Modulation and growth of soybeans when the entire root system grew in soil uniform in reaction 
(Series C ami D — spring planting) 



1 

1 NUMBERS PER POT 

1 WEIGHT PER POT 

1 

TREATMENT 

pH 





CONDITIONS OF GROWTH 

Plants 

Nodules 

Tops 

Roots 








Sm. 

tm. 


*C 

3.80 

0 

0,0 

0 

0 

( Cotyledons appeared but no 
f leaves were formed 

tD 

0 

0,0 

0 

0 

c 

3.85-3.95 

5 

1,0, 0,0 

1.11 

0.13 

) 

j Roots and tops were injured; 

D 

5 

17,1,0,0 

1.15 

J 0.15 




1 


i 

leaves dried at margins and 

C 

4.10-4.25 

5 

jo, 0,0,0 

1.02 

» 0.13 

I tips, and most of them died 

D 

5 

j 2. 0,0,0 

1.20 

1 0 11 

i 

1 

C 

D 

4.35 

! 5 

5 

© © 

o o 

1.77 

1.53 

! 

0 20 
0.16 

\ Tops injured- Roots black 

C 

4.65 

5 

0,0 

1 .39 

0.17 ! 

\ Tops and roots moderately in- 

D 

5 

0,0 j 

1 25 

0 13 j 

j 

jured 

c 

5.0 

5 

5,3 | 

1.91 

0 22 | 

1 Roots healthy. Tops, slightly 

D 

5 

1,0 | 

J 

1.30 

0.15 j, 

| injured 

C 

D 

7.1-7 2 

i 

l 

5 j 

0, 13 

0, 16 

2 00 

3 10 

0.12 j! 

o.i6 ;; 

Soil puddled and too wet. Tops 


I 


j 


; i 

it 

good. Roots short but 

C 

7. 3-7. 5 i 

t 

5 

0,0 1 

0 50 

0 06 ■! 

healthy 

D 

5 

0, 1 

1 30 

0 06 ;J 


C 1 

1 

8.2-8 4 i 

1 

0 



j, 

0.07 ij 

Soil too wet. Sparse root 

D i 

3,0 

0,0 

0.475 

growth 


* The physical condition of the soil was poor in the non-calcium alkaline pots, but it was 
better in the calcium-treated pots. 

f D — 400 p.p.m. calcium added per pot. 


As one might expect, the magnitude of disturbance of nodule formation was 
more or less parallel with the degree of root injury. Thus, nodule formation 
w as either depressed or totally absent in the root segments that were damaged, 
whereas it was normal in the root segments that were healthy. However, 
the extent to which nodule formation took place on an apparently equally 
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damaged root segment appears to have varied according to some not well 
understood factors, probably such as nutrition distrubances that might have 
been caused through injury to other parts of the plant. Nodule formation, 
therefore, tended to vary, in general, according to the healthiness of the local 
root tissue and according to the nutritive supply to it. 

There were greater numbers of nodules in the inner than in the outer zones 
of the same pH. A critical study of nodule counts given in column 5, table 1, 
suggest that the critical reaction limit for nodule formation occured at a 
higher pH for tne roots in the outer zone, or more distant portion of the roots, 
than for the roots closer to the base of the stem which were grown in the inner 
zone, both nodule numbers and root growth decreased according to the 
decrease of pH in the soil area, but remained realtively constant in the zones 
of constant pH (5.6b Figure 1 of plate 1 and the data in columns 6 and 7, 
table 1, show that the depressing effects of acidity were less on the growth of 
tops, than upon the nodulation, and upon root growth. 

No definite correlation was observed to exist between the amount of top 
growth and the relative abundance of nodules. 

In both series C and I). in which the entire medium had the same reaction, 
nodule formation and growth of both tops and roots wxre markedly subnormal 
and decidedly inferior to those of the pots of the corresponding reaction in 
series A and B, as shown in plate 2 and table 2. Nodulation occurred rather 
irregularly. For example, few nodules were found on some plants growm in 
soil of reaction pH 4.0, whereas none was found in some pots of reaction higher 
than pH 4.0. It is interesting to note that nodules occurred very frequently 
in that portion of the roots lying just below the small pot through which irri- 
gation water was applied. Incidentally this circumstance suggests the pos- 
sibility that inoculation was influenced bv the local environment as it might 
have affected the root segment directly. 

Unlike series A and B. the tops in the pots of series C and I) exhibited marked 
irregularities, which increased with decrease in pH. The leaves were curled, 
beginning First at the tips, which were burned and folded inward. They were 
dried at the margins but remained green toward the midrib. 

There were no perceptible differences w ith respect to nodule formation and 
root and top growth between the pots with and without calcium additions, 
except in the alkaline ranges of 7.0 to 8.3 wherein calcium might have been 
beneficial. Calcium might have reduced the bad physical condition of the 
soil by counteracting the detlocculating effects of the added sodium hydroxide, 
or it might have been a source of soluble calcium to overcome the possible 
decreased solubility of the soil supply. Since calcium was apparently not a 
factor in inoculation or plant growth in this case, the influence jf the hydrogen 
ion seems to be responsible for the nodulation irregularities. 

The behavior of roots towrard acidity w f as the same as those in th^ correspond- 
ing acid zones of the divided pots, series A and B. The character of the injury 
exhibited on roots was similar to that observed by Bryan (4). *n many re- 
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spects the irregularities observed on the plants in general, and particularly on 
the tops, seems to have been very similar to those observed generally in soy- 
beans grown in this greenhouse in calcium-deiicient media. 

The extent to which acidity inhibits or prohibits inoculation, appears, ac- 
cording to general observation in these trials, to be influenced to some extent 


TABLE 3 

Nodutation and growth of soybeans when the entire root system grew in soil of uniform reaction 
(Series C and D— Summer Planting) 


POT 


NODULES 

WEIGHT PEE POT 


pH 

PEE POT 



CONDITION Of GtOWTB 

TMATKENT 

(average) 

Tops 

j Root* 





| i**- 


c 

D* 

3.75-4,00 

0 

0 

2 00 

1 50 

j 0.25 
j 0 15 

) 

j 



1 

2 

2 30 
l 82 

j 0.17 
! 0 18 

| 

1 Leaf and root injury increased with 

L 

I) 

4 15-4 20 

decrease in pH. Few short and 

J stubby secondary roots 

j 

c 

D 

4 25^.30 

21 

0 

2 2 

19 

0 24 

0 18 

j 

i 

i 

C 

4 40-4 50 

14 

3.23 

i o 30 i 

[ Crown roots were brown or black; 

D 

2 

2 W 

oi9 ; 

leaves were injured 

C 

D 

| 

4 55-4 65 | 

j 

12 

7 ; 

3 15 

2 50 

0 39 ! 
! 0.19 J 

| 

' Roots and tops healthy but crowns 

1 

C | 

D j 

1 

4 90-5 00 | 

i i 

17 i 

4 ; 

2 90 

2 55 

1 i 

i 0 38 | 
1 0 34 : 

t i 

1 were brown 

c 

6 0 

30 j 

3 6 

; 0 38 i 


D 

20 ! 

( 

3 0 

j o so ; 

, 

ct 

7 0 

; 22 ! 

3 7 

• i 

0 25 ; 

! 

D 

35 

3 4 

1 0.30 

1 Both roots and tops healthy; leaves 






( deeper green than in the above 

C 

8 3 

i 

4 

3 0 

1 0 20 


D ! 

! 18 

\ 

2 8 

| 0 25 ! 

J j 

| 

D | 

I 

8 70 j 

1 

[ 0 

2 .30 

! 0 18 I 

i 

1 


* D 38 400 p.p.m. calcium added per pot. 

t The soil in the alkaline pots was diluted with acid-extracted quartz sand. 


by the weather factors, particularly light, which is difficult to control. Ac- 
cordingly, the actual lower pH limit is not necessarily always a fixed value. 
When the pots of series C and D (table 3), were replanted in August, 6 months 
after the first planting, nodule formation was greater and growth of tops and 
roots was generally less injured; and nodulalation took place at a lower pH, 
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than in the first planting, which took place in the winter and spring months. 
These observations suggest that the extent to which acidity becomes injurious 
to Inoculation is also dependent on the external factors, which may infli»»nr«» 
the growth of the host plant. 

It is evident from the reported observations that the harmful effects of 
acidity on nodulation and root growth were, in the pH ranges employed here, 
namely pH 4.0 to 5.6, more or less local in character. The extent to which 
acidity injured other parts of the plant outside of the acid zones, appears to 
have been determined by the extent to which the nutritive supply to those 


TABLE 4 

fniKul<ibility of soybean organism from pots of varying reaction 
(Test made in sterile sand culture pots) 


SOURCE Of INOCUH.ING MATERIAL 


i AVERAGE NUMBER Of 

1 NODULES PE* 

Pot 

pH in the pot 

PLANT IN THE SAND 
CULTURE POTS 

Commercial culture 


6 0 

A —inside 

3 8 

16.0 

B — outside . . . 

3 8 

0.7 

C 

3 8 

13.0 

I) 

3.8 

8.0 

A outside 

5.6 

16.5 

C 

4 0* 

12 0 

D 

4 0 

19.0 

A -inside 

4.65 

14.0 

B -outside 

4 65 

12 0 

A -inside . . . 

5 0 

10.0 

C 

5 0 j 

12.0 

c . . . ! 

7 0 

4.0 

D 

7 0 

13.0 


other parts was disturbed. The very sparse growth of roots in the outer soil 
area exterior to the most acidic inner zone (pH 3.8), and the abnormalities of 
the tops in the pots (pH 3.8 to 5.0) in series C and D, as compared with the 
absence of such abnormalities in the paraffin pots of series A and B, suggest 
such a case of nutrition disturbance. 

Bac. radicicola remains viable in acid soils 

In order to ascertain more definitely whether depression or failure of nodule 
formation in these experiments was due to death or to loss of viability of the 
organism in these acid media, the following test was made. F< ur months 
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after the planting of the soybeans in the pots of the preceding experiments, a 
2-gm. sample of soil was collected from each of the several pots representing 
different acid intensities. This sample was used to inoculate soybean seeds 
which had been planted in sand culture pots. Sterile control pots were planted 
with these inoculated seeds. The test was made with the utmost care in order 
to avoid contamination by soybean bacteria from other sources. 

Table 4 reveals that in these sand cultures viable bacteria had been trans- 
ferred from every single soil pot of the previous experiment, including those 
with the extreme acidity of pH 3.75, in which no nodules originally occurred. 
The nodule in these sand cultures were uniformly plentiful, save in one case 
of the sample of soil (pH 3.8) outside of the paraffin pot series B. The nodule 
numbers in this case were markedly lower than in the other pots. This ap- 
parent depression of either the viability or inoculability of Bac. radicicola can 
not be attributed to the effects of strong acidity alone, for the reason that the 
* viability of the organism was found to be just as good in the pots of the same 
pH of the other series. It must be remarked that these were the acid zones 
(pH 3.8) outside of the paraffin pots or jars, in which hardly any roots were 
grown. It may be possible, therefore, that the viability of the organism is 
favorably influenced by its association with the living roots of its respective 
plant host. 

If the depression or prevention of nodule formation occurred because of the 
effects of acidity on the legume bacteria, such disturbances would result (a) 
if acidity prohibited entrance of the bacteria into the root, ( b ) if the reaction 
of the tissue disturbed the bacterial function of nodule production, or (r) if 
acidic conditions interfered with the nutritive supply to the organism and 
nodule tissue. Failure of the organism to enter the roots cannot be due to 
the death of the bacteria in the acid ranges used. Unfortunately no measure- 
ment of acidity of the root tissue was made. Since the roots were badly in- 
jured in the acid zones, the disturbance in the nutritive supply to the root 
area of nodule formation seems a plausible explanation. 

SUMMARY 

When soybeans were grown in the greenhouse with the roots extending 
partly through acid soil zones of pH 3.8 to 5.0 and pH 5.6, depression of nodu- 
lation and root injury occurred on the segments within the media with pH 
ranging from 3.8 to 4.6. In the soil area with pH 5.6 the root segments were 
healthy and, with but few exceptions, uniform in nodulation. 

The paraffined screen pot permitted growing different portions of the same 
root in areas of different reactions within the same pot. 

Apparently healthy plants of uniform growth resulted when part of the root 
system was partially injured in the extremely acidic soil areas (pH 4.0 to 5.6), 
and partially healthy plants in the less acidic media (pH 5.6). When the en- 
tire root system was surrounded by the extremely acidic soil, however, abnor- 
malities in the growth both of roots and tops were evident. 
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It seems probable that depression of nodulation by acidity above the acid 
degree of pH 3.8 or 4.0 occurred through the action of the acidity on the plant 
tissue locally, or through the disturbance of the nutritive supply by the plant 
to the organism and tissue area in question. 

Nodule organisms retained their viability in all soil media with degrees of 
acidity ranging from pH 3.8 to 8.3. 
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PLATE 1 

Effect of Varying Degrees of Acidity as Soybean Growth 

Fig. 1 . Plant growth and root development exterior to paraffin pots with soils of varying 
degrees of acidity. 

Above: Reaction outside constant (pH 5.6) ; varied inside (pH 5.0 to 3.8). 

Below: Reaction outside varied (pH 5.0 to 3.8); constant inside (pH 5.6). 

Fig. 2. Root development of soybeans as affected by soils of different degrees of acidity 
within paraffin pots. 

Above: Varying degrees of acidity in soil of plant crown area (pH 5.0 to 3.8) and constant 
acidity in remaining root zone (pH 5.6). 

Below: Constant acidity in soil of plant crown area (pH 5.6) and varying degrees of acidity 
in remaining root area (pH 5.0 to 3.8). 
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The growth and longevity of bacteria in soil are dependent upon climatic 
factors, the physical and chemical make-up of the soil, the composition of the 
soil air, the temperature, the time of year, the associative action of the edaphon 
contained in the soil. Since bacteria respond to their environment it would 
be expected that as any one or more of these factors vary the bacterial content 
would also change. Sometimes these factors operate to increase and some- 
times to decrease the number of bacteria that may be found at any season. 
Studies have been made of the fluctuations which occur in bacterial number 
from one season of the year to another season, but they have been made of the 
heterogeneous flora that will develop on a certain type or types of media. 

France (4) reports a minimum of the heterogeneous soil flora in winter with a maximum in 
spring and fall. Brown and Halverson ( 1 ) found from a similar study that during the summer 
and early fall the bacteria did not develop parallel with either moisture or temperature, and 
during much of the year other undetermined factors seemed to control bacterial development. 
It was found also that the soil bacteria decreased in late fall with a drop in temperature until 
the soil became frozen, when the number rose with decreased temperature and fell with 
slightly higher temperature regardless of the moisture content. Upon thawing of the soil, 
however, the numbers of bacteria decreased. With a further rise in temperature which made 
conditions favorable for growth, an increase in bacteria occurred, which reached a maximum 
by June 19. Two maximum counts were observed during the year— in February and June. 
Since these counts were of the heterogeneous flora it is not known whether such fluctuations 
were due to the destruction of one or more types of bacteria or whether some of every type 
was killed. Lyon, Bizzell, and Conn (8) found the heterogeneous flora to increase if the soil 
was well frozen but to decrease decidedly after a thaw. Such an increase was explained by 
Conn (3) as being due to the liberation of a large number of colonies that would not otherwise 
be recognized. No satisfactory explanation was offered for the sudden decrease after thawing. 
Vass (10) tried to explain the rise in counts in frozen soils as being due to the breaking up of 
clumps or coionics of !>acteria and not to growth and multiplication. 

Vanderlcck (9) suggested, from observations he made, that raw material which is available 
for bacterial decomposition may be responsible for bacterial increase in January, since there 
was no increase in soils where raw material was absent, but no such explanation was offered 
when in frozen soils in March an increase in numbers was encountered amounting to from two 
to four times the original number and which was followed by a decided decrease when the soil 
thawed. He also reported that a high soil moisture content counteracted the frost action, 
whereas a low moisture content aided in the depression of bacterial development, and that 
a sudden severe frost killed most of the bacteria in exposed soil. Harder (6) presents data 
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which show a close relation between the moisture content and the number of bacteria in soil, 
yet a distinct retardation by cold which occurred with a high moisture content, was not 
explained. 

One may conclude from such data that there is a decrease in the heterogeneous bacterial 
flora of the soil sometime during the winter, which cannot be explained entirely by a deficiency 
of organic matter, by soil temperature conditions, or by moisture as such. It seems that 
whatever the factor or factors may be that cause a reduction in number of bacteria they do not 
bring about a sterilization of the soil, although certain definite types of organisms may be al- 
most entirely eliminated from certain soil types, as has been found by Jones and Murdock 
(7) and by many others. 

In an effort to find to what the protective action in soils and solution culture is due, Vass 
(10), in a study of the influence of low temperature on Rhizobium, states that the concentra- 
tion of the medium, the length of time of the exposure, and the degree of cold, are the three 
important factors that determine the power of resistance of the bacteria to low temperature; 
that the protective action due to the concentration of the medium seems to be effective only 
in cases in which the eutectic point of the substances in solution is below the temperature of 
the exposure; and that the death of the bacterial cell when exposed to low temperature seems 
to be due to the withdrawal of water from the semiperraeable membrane or outer layer of the 
cell. In this connection the work of Giltner and Langworthy (5) may be mentioned. These 
authors also worked w ith Rhizobium and found that the survival of bacteria in desiccated soil 
is due in part to a retention of moisture in hygroscopic form. The removal of moisture by 
desiccation is in a measure comparable to the withdrawal of moisture by freezing. 

Very few studies have been made of the seasonal variation of definite species of organisms. 
An indication of what may happen to a certain genus was suggested by some results which 
were obtained from a study of the legume bacteria population of the soil. In a report of this 
study (13), among other things, it was pointed out, through literature cited and through data 
given, that soils may have a wide variation in the number of Rhizobium. The species that 
produce nodules on Mcdicago ranged in numbers from none in 5 gm. of soil to 100,000 a gram. 
This variation in numbers seemed to be related to the absence of bases as indicated by the 
soil reaction. A soil with a reaction further from neutrality than pH 6.0 did not support as 
large a number of these organisms as one the reaction of which was nearer neutrality. 

The findings led to further studies of the effect on nodulation of supplementing the legume 
bacteria of the soil with artificial cultures (12) and of the value of such cultures as measured 
by increased crop yields (15). From these studies it was concluded that certain species of 
Rhizobium may largely or entirely d^appear from soil, that they do not seem to be greatly 
influenced by the frequency of the host plant in the rotation, and that to acid soils in particu- 
lar the addition of more legume bacteria has resulted not only in the formation of a larger 
number of nodules on young plants but also, in certain cases, in a decided increase in crop 
yields. It was also observed that the numerically increased nodulation on plants oiPisum 
sativum due to supplementary bacteria became less marked as the plants became older until at 
blooming time there were decidedly more nodules on the plants which grew in soil where the 
artificial cultures was not used. This may be taken to indicate a seasonal variation in the 
number of this genus of bacteria. 

The foregoing determinations of numbers of Rhizobium and the observations 
relating to the use of artificial cultures were so striking that it was thought 
desirable to make a study of the seasonal variation in the number of Rhizobium 
trifolii and of Rhizobium leguminosarum , with the view of contributing to our 
knowledge concerning the subject of supplementary bacteria in relation to the 
growth of crops. 
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METHODS 

The method of making such a study was essentially the same as that given in 
a previous publication (13). Samples were taken from .003-acre plats. Quart 
jars were used to hold a composite sample which consisted of 10 to 12 small 
samples from the first 3 to 4 inches of soil. To insure uniformity, the composite 
was well mixed on paper, after which a moisture determination was made. 
While this was being done the composites were kept in an ice box. In order 
that the results would be comparable, enough moist sample w f as taken to give 
100 gm. of dry soil. This was then titurated with water in a mortar or dis- 
persed with a mechanical agitator. Dilutions were made from the muddy 
suspensions. Care w as exercised throughout the work to avoid contamination 
with the legume organism. Portions of the suspensions which w r ere equivalent 
to a certain quantity of soil, were put on the surface of sterile soil in tumblers 
where the host plant was to be grown. The tumblers, which held about 200 
gm. of sandy soil, were kept tightly covered with paper, which was removed 
after the plantlets were in need of light. After this period of growth, only 10 
or 12 days was required for nodulation to occur sufficiently to determine 
whether or not the legume organism was present in the quantity of soil used. 
If contamination occurred after the paper was removed it did not influence the 
results. Numerous checks were provided and in no case did nodulation occur 
on the plants in them. 

The samples w ere examined for Rhizobium leguminosarum and for R. trifolii. 
To determine the approximate dilutions required for such an examination 
preliminary tests were made. After suitable dilutions were found they were 
used in the work herein reported and were modified whenever necessary. 

Since it was know n that both red clover seed ( Trifolium pratense) and vetch 
seed (\'icia vilbsa) carry as contamination (14) the legume organism, the 
seeds were treated, before being planted, either with a solution of calcium 
hyj>ochlorite or with concentrated sulfuric acid. Heavy seeding was practiced 
in order to have adequate plants for inspection. Seeding was usually delayed 
for 3 to 10 days to permit the establishment of a high legume bacteria content in 
case the organism was present. After the treated seeds were spread on the 
surface of the soil in the tumblers they were covered w ith sterile soil. 

The reaction of the soil com{>osite from each plat was determined by the 
quinhydrone method. 


HISTORY OF PLATS 

In 1925 and for 9 years previously, plats 751 B, 751 C, 757 B,and 757 C were 
planted yearly to rye, whereas plats 75(> B, 756 C, 756 E, 756 F, 762 B, and 
762 C, were planted yearly to oats. In 1926, corn was grown on all of the 
plats, and in 1927 oats. In 192S, plats 751 B, 756 B, 757 B. and 762 B grew* 
field peas, whereas plats 751 C, 756 C, 757 C, and 762 C grew red clover, and 
757 E and F grew cowpeas. Previous to this study the soils of these plats were 
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known to contain both Rkizobium trifolii and R. leguminosarum. In the spring 
of 1928, plats 751 B and 756 B, which grew field peas, had the organism for 
this crop supplemented with an artificial culture placed on the seed at seedtime. 
Also plats 751 C and 756 C, which grew red clover in 1928, had their legume 

TABLE i 

Seasonal variation in the number of Rkizobium trifolii 
Table shows percentage moisture when sample was taken and approximate number of 
bacteria per gram dry soil. 


FLAT 

REAC- 

TION 

TIME OF YEAR WHEN SOILS WERE EXAMINED 1928-29 


October 

11 

Novem- 
ber 13 

Decem- 
ber 11 

Janu- 
ary 22 

Febru- 
ary 28* 

April 

11 

May 7 

June 3 


pB 










*7K1 D 

1 e n) 

Per cent 

22 

22 

26 

i 23 

39 

21 

25 

17 

/ol Jd 

I .oUs 

Number 

1,000 

20,000 

2,500120,000 

100,000 

2,500 

10,000 

50,000 

*7ci r* 

*r An) 

Per cent 

12 

23 

26 

j 23 

36 

21 

1 

25 

18 

iJiv 


Number 

10,000 

2,500 

2,500120,000 

1 

20,000 

25,000 

7,500 

25,000 


a nc/ 

Per cent 

11 

12 

23 

23 

21 

18 

24 

14 

/ 30 Jti 


Number 

100 

500 

1,000 

100 

500 

50 

10,000 

100,000 


A Q/J 

Per cent 

10 

15 

22 

20 

20 

21 

24 

15 


*.yo\ 

Number 

10,000 

750 

5,000 

10,000 

20,000 

125,000 

1 

500, 000 

500,000 

•JZA F 

, 

A Q7( 

Per cent 

10 

19 

24 

23 

19 

19| 

! 24 

14 

l JO L 


Number 

100 

100 

1 

100 

10 

10 

10 

j 1 in 1 g. 

1 in 5 g. 

7 F 

A Qa) 

Per cent 

10 

13 

23 

21 

15 

; 

1 19 

24 

14 

/ ju r 

*X . oO\ 

Number 

1 

100 

100 

100 

10 

10i 

f 

10 

1 in 5 g. 

1 in 2 g. 

757 F 

7 77< 

Per cent 

14 

22 

26 

25 

27 

21 

25 

17 

# v 1 D 

7 27 \ 

Number 

5,000 

750 

5,000 

1,000 

100,000 

25,000 

75,000 

5,000 

757 r 

7 111 

Per cent 

15 

22 

26 

24 

23 

21 

25 

17 

r wl V/ 


Number 

10,000 

5,000 

20,000 

20,000 

100,000 

50,000 

50,000 

100,000 

762 B 

4.88j 

Per cent 

11 

15 

23 

22 

23 

20 

25 

15 

Number 

1,000 

100 

100 

10,000 

20,000 

25,000 

25,000 

10,000 

B 

n 

4.92( 

Per cent 

22 

20 

23 

23 

12 

20 

25 

15 

1 

1 

Number 

100,000 

100 

2,500 

7,500 

500 

50,000 

75,000 

10,000 


* Ground frozen when samples were taken. 


bacteria population supplemented in the same way. Since 1926, all crops have 
been removed from the plats. In October, 1928, all plats were plowed. 

In 1922, plats 751 B, 751 C, 756 B, and 756 C received limestone at the 
rate of 4,000 pounds an acre, and in 1927 they were again limed at the rate of 
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2,200 pounds an acre. Other treatments, consisting of potassium chloride 
and acid phosphate which were applied several years before this study was 
begun, were given to all plats alike. 

RESULTS 

The first studies which related to the seasonal variations in the total number 
of any species of Rhizobium in soils were made in 1926. In the following year, 
additional studies were made. These gave some idea of the number of organ- 
isms that may be expected to be present and permitted the development of 
a technique which was applicable to the work. Beginning in September, 1928, 
samples were collected regularly about once a month until June 3, 1929. This 
covered a period when there was no very actively growing plants on the soil. 
The seasonal variation of Rhizobium trijolii is given in table 1. 

TABLE 2 

Seasonal variation in the number of Rhizobium leguminosarum 
Figures indicate approximate number to each gram dry soil 


TTMZ or YEA* WHEN SOILS WERE EXAMINED 1928-29 


PLAT 

Ociolwr 

11 

Novem- 
ber 1J 

Decem- 
ber 11 

January | 
22 

February 

| 

April 11 

May 7 

June 3 

751 B* 

50,000 

20,000 

20,000 

10,000 : 

20,000 

2 , 500 

25,000 

75,000 

7S1 C 

10,000 

20, IKK) 

750 

2,500 

20,000 

2,500 

7,500 

10,000 

750 B 

50,000 

5,000 

10, 0CK) 

20,000 i 

100,000 

5,000 

75,000 

100,000 

756 C 

10,000 

1,000 

500 

250 1 

250 

100 

100 

250 

756 E I 

250 

100 | 

500 

100 1 

20 ! 

100 

1 in 5 g. 

1 in 50 g. 

756 F 

100 

250 : 

500 

50 i 

500 ! 

10 , 

| 1 in 5 g. 

1 in 2 g. 

757 B 

5,000 j 

5,000 i 

i 10,000 

1,000 ! 

10,000 j 

50,000 

! 75,000 

10,000 

757 C 

10,000 i 

500 

i ,000 ! 

20,000 : 

7,500 

50,000 

j 25,000 | 

100,000 

762 B 

5,oqo 

20,000 

500 i 

5,000 j 

20,000 ! 

25,000 

j 7,500 

10,000 

762 C 

2,500 

100 

loo i 

2,500 ; 

10,000 ; 

50 

| 100 

5,000 


• For percentage of moisture in and reaction of soils see table 1. 
t Ground frozen when samples were taken. 


The samples which were collected in February were frozen, and the ground 
remained frozen until about April 1. It should be noted that there is no 
relation between the soil moisture and the seasonal variation in the number of 
legume bacteria. What variation is recorded must be assigned to some other 
factor than moisture even though it varied considerably. Flats 756 E and 
756 F are very outstanding in that they have few Rhizobium trijolii as com- 
pared with plat 757 C or even 756 C, which is within 12 feet of plat 756 E. 
These two plats at no time during the 8 tests that were made between October 
and June showed as many as 100 Rhizobium trijolii a gram. By January 22, 
this species had decreased to less than 10 a gram and by June 3 there was proba- 
bly less than 1 to 5 gm. of soiL This indicates a gradual decrease from October 
to June. It should be noted that the reaction of these two plats was about 
pH 4.8. 
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Other plats did not show such a drastic decline in Rhizobium trifolii. There 
seems to have been a decline in numbers in November and December, a slight 
rise in January and February, but a decided decrease in April just after a thaw, 
with an increase from this date to June 3, at which time the numbers were as 
high as or higher than they were the previous September. 

The plats which show quite consistently large counts of Rhizobium trifolii 
are those which have been limed, namely plats 751 B, 751 C, 757 B, 757 C. 
They have an alkaline reaction. 

The samples of soil which were used for the determination of Rhizobium 
trifolii were also used for a determination of R. leguminosarum. The seasonal 
variation is shown in table 2. 

It is noted that the soil from plats 756 E and 756 F did not have over 500 
Rhizobium leguminosarum to a gram at any time between October 11 and June 
3, during which time 8 tests were made. There seems to have been a tendency 
for the organisms to disappear as spring advanced. In June the soil of plat 
756 E did not have more than 1 organism in 50 gm. of soil whereas that from 
756 F, which adjoins plat 756 E, had not more than 1 organism in 2 gm. The 
organisms to each gram of soil of plat 756 C were about 10,000 in October, 
about 250 in January and February, less than 100 in April and May, and 
about 250 in June. In the remaining plats there seems to have been a decline 
in the number of organisms in November and December with a tendency for 
them to increase in numbers in January and February followed by another 
decline when the soil thawed in April, with a gradual increase from that date 
to June 3. Excepting plats 756 C, 756 E, and 756 F, the number of Rhizobium 
leguminosarum in June was as large as or larger than it was in October. If the 
soil of these plats had been examined later in the spring they probably would 
have shown similar results. 


DISCUSSION 

The results of this study of the seasonal variation in the number of Rhizobium 
in field soil suggest that the legume bacteria find certain soils more adapted to 
their existence than others and that soils whose reaction is as low as pH 4.8, 
at certain seasons of the year, may have as few’ Rhizobium trifolii and R . 
leguminosarum respectively as 1 in 5 or 1 in 50 gm. of soil. These findings are 
similar to those reported by Bryan (2), who suggested that when a soil becomes 
as acid as pH 5 the organism for red clover is killed. 

The maximum count of either species of Rhizobium obtained from each of 
the 10 plats from which 8 samples were taken between October and June did 
not occur at the time of any one sampling. Since the growth and longevity 
of bacteria in soil are dependent upon climatic factors, the physical and 
chemical make-up of the soil, and the associative action of the edaphon con- 
tained therein, such results might have been expected Bacteria respond to 
environment which may operate to increase or decrease the population that 
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may be found at any season. Such seasonal variations as have been recorded 
in this paper which have to do with Rhizobium trifolii and R. leguminosarum 
have also been reported for the heterogeneous bacterial flora of the soil by 
Lyon, Bizzell, and Conn (8), by Conn (3), by Waksman (11), and by many 
others. 

Since the number of /?. trifolii and R. leguminosarum were determined in the 
same samples of soil a relative comparison of the numbers of these two species 
is possible. If all the individual determinations for the organisms for each 
species are added separately and a comparison is made, it will be noted that 
there are about 24 organisms of R, trifolii to every 11 of R. leguminosarum— & 
ratio of 2.18: 1. If such a comparison is made between the organisms in the 
soil of the four alkaline plats, there are about 89 R. trifolii to every 67 of 
R. leguminosarum , or a ratio of 1.33: 1 ; and in the six acid plats about 5 of R. 
trifolii to 1 of R. leguminosarum , which is a ratio of 5:1. Apparently R. 
trifolii finds these soils a better habitat than R. leguminosarum does. These 
findings arc rather interesting because it is generally believed that the host 
plants (Vicia and Pisum) of R. leguminosarum will do better on an acid soil 
than will the host plants (Trifolium) of R. trifolii . They also suggest an 
explanation for the observed increase (15) in shelled peas which were taken 
from these plats in 1928 where the normal bacterial flora in the soil for this 
plant was supplemented at seedtime with an artificial culture. 

The preceding findings are in agreement with data previously published on 
a study of the legume bacteria population of the soil (13) in which it was 
[jointed out that soils varied in their ability to support Rhizobium mclilotii , 
the variation ranging from none in 5 gm. to 100,000 to a gram. 


conclusions 

Soil samples were collected from ten .003 acre [flats 8 times between October 
11, 1928, and June 5, 1929. The history and reaction of the plats arc given. 
The samples were examined for Rhizobium trifolii and R. leguminosarum. 
Definite portions of the soils were used as inoculating material for sterilized 
soil that was held in glass tumblers. Seeds of Trigolium prahutsc and of Vicia 
villosa , after proper treatment to remove any adhering legume bacteria, were 
planted. The soils in the tumblers were kept suitable for plantlcts by adding 
the necessary water which was free of the legume bacteria. 

The containers holding the inoculated and plated soils were placed in the 
greenhouse, where favorable conditions were maintained for growth and nodu- 
lation. In about 15 days after planting, the plant roots were examined for 
nodules. The presence or absence of nodules resulting from a series of dilutions 
established the approximate number of legume bacteria to a gram of soil. 

The number of Rhizobium organisms of each species studied showed a wide 
variation. In the soils of plats 756 E and 756 F the number of R. trifolii varied 
from approximately 100 a gram to as few as 1 in 5 gm. The number varied 
in the other 8 plats from 50 to 100,000 a gram. The number of R . I gum i no- 
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sarum varied in the soils of plats 756 E and 756 F from 1 in 50 gm. to 500 a 
gram, whereas in the other 8 plats there were more bacteria of this species. 
The variation was in one case from 50 to 5,000 a gram of soil and in another 
case 2,500 to 75,000. 

Except in plats 756 E and 756 F there was a decided drop in the number of 
both species of Rhizobium in all plats as the winter season advanced. This 
drop did not always occur in the soils of the different plats at the same date. 
As the temperature increased in the spring and conditions became favorable for 
growth and multiplication, the bacteria of both species increased until they 
were in most cases as numerous in June as they were in October. 
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In crop management there are two important questions pertaining to the 
production of alfalfa on acid soils: first, what degree of acidity limits the 
growth of alfalfa provided there is an abundant supply of nutrients; and 
second, what degree of acidity limits inoculation and hence the nitrogen fixed? 
The latter question is of particular importance where alfalfa is grown for soil 
improvement as well as for a hay crop. 

In order to throw some light uj>on these questions, several greenhouse experi 
ments have been conducted and are herein summarized 

The first e.\{>eriment was planned to show whether alfalfa would grow in an 
acid medium provided it was well supplied with the necessary soil nutrients. 
To this end, quartz sand cultures were used with nutrient solutions, uniform as 
to elements and molecular concentration but varying in degree of acidity. The 
salts contained in the solutions were Ca(X0 3 )s, KH«P0 4 , K : HP0 4 , and MgSO*. 
Traces of ferric phosphate were used to supply iron. 

The nutrient solutions were maintained at three different degrees of acidity, 
namely at pH values of 4.5, 6.0, and 7.0. The following quantities per liter of 
the various soils solutions were used in order to obtain these reactions: 

! Af M*SO« * 7HiO 

1 

J ft. 

i 

4 5 

i 4.5 


The alfalfa was inoculated and planted in 4-gallon jars A glass lube with 
glass wool to protect the lower end was inserted in each jar before 24 kgm. of 
sand was put in. Five jars were maintained at each reaction and plants were 
finally thinned to five to each jar. A wax seal was applied to check evapora- 
tion. A cone in the center of the jar permitted additions of fresh solution. 
Solutions were changed twice each week, being withdrawn by air suction. 

1 Contribution no. 191 from the department of agronomy and contribution no. 125 from the 
department of bacteriology. 

* Associate professor of soils and professor of bacteriology, respectively. 
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1 Af C a {NO.'i 4HjO 

! i 

Af KHirO, 

1 Af Kjliro* 

l 


(< . i 

( V . 

« tt. 

4 5 

9 0 

4 5 

0 

ft 0 

9 0 i 

5 5 

1 0 

7 0 

9 0 | 

0 

4 5 
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The withdrawn solutions were tested colorimetrically for any changes in 
reaction. The reactions were easily maintained within a few tenths of the 
indicated pH value. 

Plate 1, figure 1, represents the growth of alfalfa with the three conditions 
of reaction. As is shown, alfalfa grew well in a solution having a pH value as 
low as 4.5 when well supplied with nutrient elements including, of course, 
calcium. 

The second experiment was designed to show the effect of reaction upon sym- 
biotic nitrogen fixation, as measured by growth of alfalfa, where no nitrogen 
w as supplied in the nutrient solutions. Accordingly other quartz sand cultures 
w r ere prepared as described in the first experiment. To eliminate nitrogen and 
to vary the acidity it was necessary to use CaH^PO^a and CajHjCPO^a- 
Potassium w as supplied as K2SO4, and MgSO* w as used as in the first experi- 
ment. The reactions were maintained at pH 4.0, 6.0, and 7.5. 

A nutrient solution supplying nitrogen was added until the alfalfa was about 
2 weeks old, after wdiich the nutrient solution without nitrogen w as substituted. 

The effect of reaction w r hen nitrogen is deficient is showm in figure 2, plate 1. 
After 3 months' growth the plants were washed out of the sand cultures. In 
the cultures maintained at pH 4.0, the plant roots were stunted and dying, 
although the top grow th was about the same as at pH 6.0 and pH 7.5. The 
most striking differences evident were in nodulation. At pH 4, there was but 
one small cluster of nodules in the five plants. At pH 6.0, comparatively few 
points of inoculation occurred but at these the nodules were present as large 
grape like clusters. At pH 7.5, there were a large number of well-distributed 
small nodules. 

These results demonstrate the need of investigation to determine the rela- 
tionship between reaction with deficient nutrients and symbiotic fixation by 
the alfalfa plant. 

Experiment 3 was a pot culture test with 10 different soils of varying acidities 
from southeastern Kansas. Alfalfa seed was inoculated and planted in these 
soils in battery jars. Each soil deceived the following treatments: (a) no 
treatment; ( b ) lime alone; (c) superphosphate alone; (d) lime and phosphate. 
The plants were allowed to grow about 4 months and then the roots were 
examined. In untreated soils, known to be deficient in calcium and highly 
acid, no nodules were present on the roots. Where lime alone had been applied, 
there were a few' nodules. Plants growm in soil receiving superphosphate alone 
showed better nodulation than where lime alone had been applied. With 
applications of both lime and superphosphate, nodulation as well as total 
growth was best. 

The experiment shows that a supply of available phosphorus is very impor- 
tant in determining the degree of inoculation obtained with the alfalfa plant 
grown in a normally acid soil. 

In the fourth experiment, alfalfa w as grown in an acid soil in 42 large cylin- 
ders holding about 165 pounds each, to which varying proportions of lime, 
superphosphate, and potassium sulfate were added. 
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Vlate 2 shows the effect of the lime and phosphate treatments on growth of 
alfalfa in this soil. In the light of the results portrayed in plate 1, figure 1, 
the indications are that the differences in growth between cylinders 1, 2, and 5 
are due to some physiological effect of lime upon either the plant or the legume 
bacteria or both, rather than to its effect upon the reaction of the soil. It is 
true that the reaction was changed from pH 5.0 to pH 6.5 with the lime treat- 
ments. However, figure 1 of plate 1 shows that alfalfa will grow well at pH 4 5. 
provided the plants receive all the needed nutrient elements. Hence ii may be 
inferred that the increased growth of alfalfa in cylinders 2 and compared 
w ith cylinder 1 , is due to some other effec t of the added calcium. 

Cylinder 21 received the same amount of lime as cylinder 4 and in addition 
superphosphate at the rate of 450 pounds an acre. The reaction of the soil 
in this cylinder wa> approximately the same as that in cylinder 5. Here again 
it is ver\ evident that the addition of a nutritive element, phosphorus, rather 
than a change in reaction caused the additional growth 

Further proof that nutrients more than soil reaction can affect the* growth of 
alfalfa is presented in plate 5. In t h i> photograph all the cylinders received the 
same lime treatment. 2,000 pounds an acre, and had practically the same reac- 
tion. The variable was superphosphate. Cylinder 5 received no phosphate 
and cylinders ( h 15, and 21, the phosphate increases in the order given The 
beneficial effec t of phosphorus here may have been due to the nutritive value of 
the phosphate or, as indicated in experiment 5, to better nodulation. 

Fite limited data presented in this report indicate, that the reaction of the 
soil, if w ithin a range of pH 4.5 to 7.0. is a minor fac tor in affecting grow th of 
alfalfa, all the needed nutrients being supplied; that the reaction may be a 
ver\ important factor in symbiotic fixation, under conditions of limited 
nutrients; and that \ariation in nutrients with constant reactions causes 
great variation in the growth of alfalfa, which may be attributed in part to the 
effec t of the nutrient on nodulation and fixation of nitrogen. 
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The determination of carbonate native to calcareous soil or residual from 
liming material applied to acid soil is often required in soil studies. As evidence 
of the long-continued interest in this determination may be cited the numerous 
methods described in the literature of soil chemistry. At present there is no 
procedure which is accepted as standard by American workers. Some of those 
in use are admitted to be inaccurate, others are too time-consuming or require 
glass parts that must be specially made or are very complicated. There seems 
to be a real need for an accurate method that can be carried out in a short time, 
requires a minimum of apparatus of a kind likely to be found in any well- 
stocked laboratory or that can be made without difficulty by one with a little 
skill at glassworking, and is so simple that no elaborate precautions are neces- 
sary for high accuracy. 

In principle, the estimation of carbonate in soil presents no difficulties; it is 
only necessary to treat soil with dilute acid to decompose the carbonate min- 
erals and determine the carbon dioxide evolved by any suitable method. How- 
ever, because of the presence in all soils of organic matter, which is more or less 
oxidized or decomposed with separation of carbon dioxide in the presence of 
any considerable concentration of acid, some standard methods for the deter- 
mination of carbonates are not adapted for use with soils. This action is 
greatly accelerated by increase in temperature, hence any method which in- 
cludes boiling the sample with acid at atmospheric pressure for expulsion of 
carbon dioxide will be grossly inaccurate when applied to soils. This fact is 
generally recognized, so that aeration with a stream of purified air, often with 
vigorous agitation as well, to remove evolved carbon dioxide from the soil and 
dilute acid mixture, is a feature of most methods proposed in recent years. 

Aeration is especially adapted to collection of carbon dioxide in a weighed 
absorption apparatus for a gravimetric determination. Such a procedure is in 
almost universal use for combustion work but is less satisfactory in the deter- 
mination of carbonates in soil. To remove carbon dioxide from the dilute 
acid and soil mixture requires considerable lime and a large, volume of air 
aspirated through the solution, which carries considerable moisture into the 
purifying train. The desiccants used in this require frequent renewal, and 
there is constant uncertainty as to whether the absorption apparatus may be 
gaining or losing moisture. At best, it is difficult to weigh the heavy absorp- 
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tion apparatus with accuracy, so that the theoretical advantages of the gravi- 
metric procedure are seldom realized in practice. Clark and Collins (3) have 
recently described such a method, and state that from 2 to 7 hours may be 
required for the absorption apparatus to come to constant weight. In the 
description of the present tentative method of the Association of Official 
Agricultural Chemists for carbonates in soil (2), it is stated that 30 minutes 
aspiration is sufficient, except with soils containing dolomite or limestone 
resistant to solution. The latter is a volumetric method. In both procedures 
the carbonate in the sample is decomposed by hydrochloric acid at 1 : 10 dilu- 
tion at room temperature and carbon dioxide removed by aspiration with 
agitation. 

With methods employing continuous aspiration there is no means of deter- 
mining when the last traces of carbonate mineral are decomposed and all 
carbon dioxide removed. Dolomite or other forms of limestone soluble with 
difficulty in 1:10 hydrochloric acid at room temperature arc of frequent 
occurrence in the soil in many regions, and are also used as liming materials. 
It would be very desirable to have some visible indication of completion or 
decomposition and absorption, as this would result in saving time with samples 
containing no carbonate or only easily soluble carbonates and would avoid 
inaccuracy with samples containing resistant limestone. The procedure about 
to be described has this advantage, as the behavior of the acid and soil boiling 
in vacuo is characteristic as soon as carbonates are practically completely 
dissolved, and the great expansion of the bubbles of carbon dioxide arising 
from even the smallest particle of undecomposed limestone renders them easily 
visible. The absorption of carbon dioxide by barium hydroxide solution 
results in a visible film of precipitate on the surface of the solution, a fairly 
delicate test for completion of absorption. By allowing a short time beyond 
these points, there can be no doubt that all carbon dioxide which can be ob- 
tained has been absorbed. Decomposition and absorption are accomplished 
in a closed system from which carbon dioxide cannot escape, nor enter from 
the outside if the details of the procedure are followed. A very accurate titra- 
tion procedure for the determination of carbon dioxide has been developed. 
In addition to the foregoing, some hitherto unsuspected sources of error in the 
determination of soil carbonates are pointed out, and means for overcoming 
them described. 


REVIEW OF PREVIOUS WORK 

Probably the most rap’d and effective method for the removal of carbon dioxide from 
sample and dilute acid that can be devised is by boiling in vacuo. As it is possible to accom- 
plish this at a temperature only slightly above that of the laboratory, it is especially adapted to 
work with soils. A method based on this principle was proposed by Marr (6), and in modified 
form has long been in use in this laboratory- Gaither (4) substituted a bead tower for the 
Reiset apparatus employed by Marr, but retained the double titration procedure for the 
determination of carbon dioxide absorbed by sodium hydroxide solution. Later, carbon 
dioxide was absorbed in a measured excess of standard barium hydroxide solution in a Meyer 
absorption apparatus and determined either by filtration and washing, with subsequent 
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solution in standard acid and titration, or by titrating the excess of barium hydroxide in 
the presence of the precipitate of carbonate with standard hydrochloric acid and phenol- 
phthalein as indicator (8). The latter procedure has been studied by Truog (10) and 
shown to be preferable to absorption in sodium hydroxide and determination by double 
titration. Recently, thymolphthalein has been substituted in the titration of excess barium 
hydroxide in the presence of precipitated carbonate (9). Long experience with this pro- 
cedure of titrating excess barium hydroxide has convinced the author that it is amply accurate 
for all ordinary requirements with only the simplest precautions, and has important advan- 
tages over other methods for the determination of carbon dioxide obtained from soil by treat- 
ment with dilute acid. 

As originally described, Marr’s apparatus and the modifications developed later were sup- 
posed to require almost continuous operation of the air pump, in order to maintain the 
vacuum by drawing evolved cartan dioxide through the absorbent solution; none of the 
designs offered opportunity for absorption in any other way. It was found that there wras 
considerable danger of carbon dioxide being drawn through the absorbent solution and lost, 
on account of the tendency of this solution to boil because it is under lower pressure than 
the solution in the evolution flask. This necessitated considerable care and attention. All 
the forms of apparatus are also of complicated design and require special parts, with 
numerous joints at which leaks arc tumblcsomc. Probably for these reasons, and because 
it was thought that the use of any heat, however slight, is undesirable in the determination 
of carbonate in soil, a procedure including the essential feature of decomposition by very 
dilute arid, tailing and absorption in vacuo, which had been ionsidertd as a tentative 
method by the Ass<xiation of Official Agricultural Chemists (1), was not retained. 

Hutchinson and Marlxmnan (5> proposed a method based upon that of Marr, requiring 
only an extremely simple apparatus, consisting of two flasks connected by a wide tube with a 
bulb to stop foam or spray and stopcock funnels for the introduc lion of reagents. In their 
procedure, the sample is placed in the smaller flask and the apparatus exhausted The absor- 
bent, sodium hydroxide solution, is allowed to enter the al>sorptitm flask, ami 1 ; 50 hydrochloric 
at id is allowed to enter the flask containing the sample, in order to decompose the carbonates. 
No heat is employed, but the reduction in pressure, aided by vigorous agitation, is relied 
iqxm to remove all carbon dioxide from the one flask and ensure its absorption in the other. 
'Flu* originatv^rs of the methml t laim that decomposition and absoquion can be accomplished 
in from 20 to 60 minutes. 

'Hie author has found that in a similar apparatus and procedure, it is possible to expel all 
c arbon dioxide from the evolution flask and ensure its absorption in barium hydroxide solution 
in the other tlask, within S minutes afirr ail i arbomites hair hern d'rsaked, provided the acid 
and soil mixture is warmed sufficiently to tail at the pressure within the apparatus. This 
pressure is easily reduced and maintained at a point corresponding to the vapor pressure of 
water at room temperature, so that the actual temperature in the tailing flask need be but 
very little higher than that of the room, and may l>e even lower if a condenser with very cold 
water is used to connect the tlasks. The addition of a condenser to the apparatus described by 
Hutchinson and MacLcnnan, therefore, enables one to carry out the procedure of Marr under 
more favorable operating conditions than were possible with the original apparatus or any 
modification of it so far proposed. By some other slight changes, the space occupied by the 
apparatus can he reduced and all the operations facilitated. The most important results of 
t he substitution of absorption of oartan dioxide by exposure to a surface of absorbent solution 
for absorption by bubbling through the solution are, first, reduction in Ixnling temperature, 
and second, insurance of complete absorption. The first result follows from the greater 
vacuum obtainable in the tailing flask, because the vacuum pump does not work against the 
hydrostatic pressure of a column of absorbent solution. In the original procedure of Marr, the 
temperature at which carbonates are decomposed is approximately 50“C. In the Meyer 
apparatus, the height of liquid is less, and the temperature in the flask with this modification 
is about 40T. By using a plain flask as the container for the absorptive solution, the tem- 
perature in the boiling flask may l>e kept without difficulty within the range of 25 to 30°C. 
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EXPERIMENTAL 

Lowering the temperature of expulsion of carbon dioxide is advantageous 
with respect to lessening attack upon organic matter but is attended by reduc- 
tion in speed of decomposition of dolomitic limestone. This speed can be in- 
creased by using stronger acid, but possibly with the penalty of a corresponding 
increment of carbon dioxide from organic matter. It should be possible to 
strike a balance between these factors, and find a procedure which would 
decompose carbonates quickly with the minimum production of carbon dioxide 
from sources other than carbonates. With this idea in mind, experiments were 
undertaken to obtain some definite data on the problem. 

The source of the carbon dioxide obtained by the action of acid upon soil 
which would not be expected to contain any carbonate minerals has been vari- 
ously explained, but usually vaguely ascribed to decomposition of organic 
matter. It has been observed that the action of comparatively strong hydro- 
chloric acid is greater than that of the same reagent when highly diluted, or of 
less dissociated acids such as phosphoric or acetic. No suggestion as to the 
actual reaction involved has ever been offered, to the author's knowledge. It 
is his belief that the reaction is largely an oxidation of carbonaceous materials 
by highly oxidized minerals native to the soil, especially the higher oxides of 
manganese. Manganese dioxide has been shown to be a common constituent 
of soils (7). Those soils which contain most, as indicated by ability to decom- 
pose 15 per cent hydrogen peroxide, with abundant organic matter also, evolve 
most carbon dioxide from sources other than caroonatcs upon treatment with 
stronger hydrochloric acid or at higher temperature. Addition of chemically 
pure powdered manganese dioxide to soil and acid results in an increase in 
carbon dioxide production. In the presence of an effective reducing agent for 
manganese dioxide, e.g., ferrous chloride, the non-carbonate carbon dioxide 
obtained from soil upon treatment with dilute hydrochloric acid is greatly 
diminished. 

Hydrochloric acid is the most effective solvent for the carbonate minerals 
which may occur in soil, but it also reacts with manganese dioxide to form 
free chlorine, a very active oxidant. This is doubtless the explanation of the 
fact that hydrochloric acid is apparently more active in decomposing organic 
matter with production of carbon dioxide than is phosphoric acid, for example. 
As has just been mentioned, however, addition of ferrous chloride reduces 
oxidation of organic matter to an almost negligible amount, so that hydro- 
chloric acid plus ferrous chloride is the most suitable reagent for the decompo- 
sition of carbonates. From a consideration of data presented in table 1, it is 
seen that even in the presence of ferrous chloride as antitoxidant, increase in 
either time, temperature, or strength of acid causes slightly higher results, so 
that it is evidently necessary to operate as near room temperature and with the 
most dilute acid possible, consistent with complete solution of carbonate in a 
reasonable period of time. 

Experiments were conducted with samples of calcite and dolomite, considered 
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to be representative of extremes in ease of solution of carbonate minerals likely 
to be present in soil. Both were ground and sieved to pass 100 mesh and 

TABLE 1 

Calcium carbonate equivalent of CO 3 obtained from soils by modifications of Man's method 


SAMPLE 

0) 

1 so 
HC1 

MEYEK 

APPA- 

EATUS 

(2) 

1: 50 HC1 

FLASK 


m.e./100 

gm. 

me flOO gm 

Wooster silt loam, vir- 

1.61 

0 43(23°) 

gin: 

0— 1 § inches, pH 5.1, 
173 ml. O,* 

1J-5 inches, pH 4.8, 

0 83 

0.15(31°) 

94 ml. (V 



Cultivated, 0-7 inches, 

0 05 

(28°) 

pH 4.5,11 ml. CV 

Same plus 2.5 per cent 


... (28°; 

MnOs 

Canfield silt loam, virgin. 

1.77 

0.15(28°) 

1J-3 inches, pH 5.6, 
98 ml. (V 

1 

: 


Ellsworth silt loam, vir- 

1 15 

0 28(28°) 

gin, 0-2 inches, pH 
5.4, 50 ml. CV 

1 


Peat, pH 5.2, 38 ml. <V 


0 70(27°) 
0 75(31°) 

Peat plus 2.5 per cent 


0 70(26°) 

MnOi 

, 

0.70(24°) 

Hawaiian manganifer- 


1.20(36°) 

ous soil, pH 5.5f 

Toledo silty clay, 0-3 J 


7.43(31°) 

inches, pH 7.1, 3 ml. 
CV 



Clermont silt loam, 108- 



120 inches, pH 8.2, 8 
ml. CV 




(3) 

I SO HCI 
+ FeClj 

FLASK 

(4) 

1.10 HCI 

FLASK 

(5) 

1.10 HCI 1 
+ Fed* ! 

FLASK 1 

KECOVEKY OF 
COt FEOM 
0.2500 DOLO- 
MITE ADDED 

TO 20 OM. son. 
CM. CaCOi 
(THXOEY 

0.2700) 

m.e./lOO gm 

m.e.flOO gm. 

m.e / 100 gm. 


0 18(27°) 

2 91(28°) 

0.25(28°) 

0.2705(30°) 

0.2712(28°) 

... (27°) 

0 42(27°) 

0 40(27°) 

• -.(27°) 



■ • (28°) j 




1.13(70°) 



.. .(28°) 

. 

0 15(28°) i 
0.08(28°) 

....(27°) 


0 05(28°) 

0 93(28°) . 

0.13(29°) 

0.2705(30°) 

0 10(27°) 

0.73(28°) 

0 18(28°) 

0.2705(33°) 

0 60(27°) 

i 

1.25(28°) 

1 00(28°) 

0.2690(30°) 


1 . 10(34°) 

6.50(100°) 


0 60(26°) 

1 85(26°) 

3 65(28°) 

1 00(28°) 



23 5 (100°) 



0 05(28°) 

1.60(29°) 

0.30(28°) 


7.25(28°) 

7.28(31°) 

*>1 

To 

00 

0 

0 2697(30°) 

32.18 


32.20 


per cent 

I 

per cent 



• Reaction determined on 1 : 1 suspension by use of quinhydrone electrode. Oxygen 
evolved on treating 1 gm. soil with 20 ml. 15 per cent HjO* for 10 minutes, similar to test pro- 
posed by Robinson (7) for presence of MnOj in soil. 

t Reaction determined as above by use of antimony electrode. Rate of oxygen evolution 
too great for measurement. 

remain on 150 mesh, washed to free from dust, and dried. This particle size 
was chosen because it is the maximum likely to be present in a soil sample 
properly prepared for analysis, although it is scarcely practical to grind any 
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considerable number of samples to uniform fineness greater than this. It was 
found that 0.25-gm. charges of the calcite were very readily dissolved by 100 ml. 
of hydrochloric acid at 1 : SO dilution (0.23A0 at 25 to 30°C., solution being com- 
plete in about 2 minutes. The rate of solution was slightly retarded by addi- 
tion of 5 ml. of ferrous chloride solution, about 3 minutes being required. 
Mixed with 20 gm. of carbonate-free soil, the rate of solution was still less, 5 or 
6 minutes being required when solution was aided by boiling in vacuo, within 
the temperature limits given. Dolomite was very slowly attacked by the 
reagent at the strength specified, requiring over an hour for solution in the plain 
acid and nearly 3 hours in the presence of soil and ferrous chloride. By in- 
creasing the strength of acid to 1 : 10 dilution (1.172V), it was found possible to 
insure complete solution of the dolomite in the presence of soil and ferrous 
chloride in 30 to 35 minutes boiling at 25 to 30°C. 

Although data in table 1 appear to indicate that the use of the stronger acid 
may lead to results slightly too high, it is not certain that the increase in time of 
action which would have been necessary had the soils contained dolomite, 
would not have led to plus errors as great even with the more dilute reagent. 
In the case of the single soil investigated which is known to contain native 
dolomite, the Toledo silty clay, the results obtained by the use of 1 :50 hydro- 
chloric acid, requiring \\ hours for complete decomposition, arc slightly higher 
than those from the use of 1 : 10 acid, which decomposed all carbonates in 
45 minutes. This soil is high in organic matter, but differs from most of the 
others studied in that the manganese dioxide content is low, so that the addi- 
tion of ferrous chloride had little effect upon the results. In this instance, at 
least, the use of the stronger acid not only resulted in a saving in time, but it 
apparently decreased attack upon organic matter as well. In other cases 
where the stronger acid was used with carbonate-free soil, it was observed that 
practically all the carbon dioxide was obtained during the first few minutes, 
hence it seems doubtful whether the aforementioned circumstance would be of 
general occurrence. 

In explanation of table 1, it may be said that with three or four exceptions, 
the soils were selected because they are very acid, but indicate an appreciable 
carbonate content by the method that has been in use. The results by this 
method, given in column 1, were obtained by 15 minutes boiling in vacuo with 
1:50 hydrochloric acid and absorption of carbon dioxide in barium hydroxide 
solution, followed by titration in the same way as the others. The temperature 
of the acid and soil mixture during the boiling was not determined, but is 
thought to have been about 40°C. Data in columns 2 to 5 were obtained by 
use of the apparatus and procedure shortly to be described. The temperature 
at the end of the boiling period was determined in each case. Variations are 
due to differences in temperature of the room or condenser water, size of flame, 
and slight leaks of air into the apparatus. In a few instances the apparatus 
was intentionally only partly exhausted, in order to observe the effect of high 
boiling temperatures. Except in the case of the Toledo silty clay, all deter- 
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minations with 1:50 hydrochloric acid were made with a 15-minute boiling 
period, and all determinations in which 1:10 acid was used, with a 45-minute 
boiling period. In the last column, recoveries of carbon dioxide from 0.25-gm, 
charges of dolomite added to 20-gm. samples of soil and decomposed by a 45- 
minute boiling with 1 : 10 acid and ferrous chloride in vacuo, are tabulated. 
In each case, the carbon dioxide obtained from a similar experiment without 
addition of dolomite (column 5) has been deducted as a blank, and the remainder 
tabulated as the recovery from the added dolomite. Several careful dupli- 
cate determinations of carbon dioxide obtained from dolomite without soil 
indicated that the calcium carbonate equivalent of each 0.25-gm. charge 
was 0.2700 gm. The average of the determinations in the presence of soil is 
0.27023 ±0.00023 gm. calcium carbonate. 

The lj-inch surface layer of the virgin Wooster silt loam contains a large 
amount of partly decayed organic debris and is also high in active manganese 
dioxide, as indicated by its ability to decompose 15 per cent hydrogen peroxide. 
Every modification of procedure obtained some carbon dioxide from this 
sample. When the acid was added to the soil already wetted with water in 
the evacuated apparatus, there was noted a flash of foam as shown by soils 
undoubtedly containing a trace of finely divided carbonate, hence it is 
jx)ssible that this soil really contains a trace of carbonate. It is appreciably 
less acid than the layer immediately below . Use of strong acid on this sample 
leads to large error, but this is practically eliminated if ferrous chloride is added 
with the acid. The figures for recovery of carbon dioxide from added dolomite 
are both high. The \\ to 5-inch layer of the same profile is indicated to contain 
no carbonate when ferrous chloride is added with the acid. The manganese 
dioxide content of this sample is high. The cultivated sample of Wooster silt 
loam is deficient in organic matter and low' in active manganese dioxide, 
hence it indicates no apparent carbonate content except by treatment with 
the stronger acid at a higher temperature. Addition of manganese dioxide to 
this soil causes slightly high results, but the use of ferrous chloride prevents the 
oxidizing action. The 1£ to 3-inch horizon of the Canfield silt loam is similar 
to the corresponding sample of the virgin Wooster silt loam, whereas the surface 
sample of the virgin Ellsworth silt loam contains less organic matter than the 
Wooster type, and also less active manganese dioxide, but apparently contains 
a trace of carbonate. 

The three virgin samples indicating a slight carbonate content all show the 
same increase in carbonate because of substitution of 1:10 hydrochloric acid 
for the 1:50 acid, ferrous chloride being used in each case. This increase 
amounts to 0.07 or 0.08 m.e. calcium carbonate to 100 gm. soil and undoubtedly 
represents the effect of the stronger acid and increased time of action upon the 
soil organic matter. The difference is quite insignificant, but this is not the 
case when the corresponding figures from experiments without addition of 
ferrous chloride are compared. Without the antioxidant, increases in time of 
action or strength of acid have caused considerable increases in apparent car- 
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bonate content, and the errors so introduced could not be considered negligible. 
These differences correspond to differences in the ability of the three samples to 
decompose hydrogen peroxide, pointing to some factor common to both 
phenomena. 

The peat soil is rather on the border of being a muck and contains consider- 
able mineral matter washed from higher ground. In spite of its acid reaction 
it appears to contain carbonate. The organic matter is apparently little oxi- 
dized by manganese dioxide in the presence of the most dilute hydrochloric 
acid, but is considerably affected by the stronger acid, especially when heated. 
Increase in strength of acid has a considerable effect per se y apparently quite 
apart from oxidizing action. 

The manganiferous soil 1 is stated to be representative of the chocolate brown, 
highly manganiferous soils of the Hawaiian Islands. It is high in manganese 
dioxide and decomposes hydrogen peroxide very vigorously, but appears to be 
deficient in organic matter. This soil is especially interesting as an example of 
a case in which two independent lines of evidence, usually confirmatory, lead 
to a false conclusion. By the ordinary method, this soil is indicated to contain 
considerable carbonate. It is indicated to be alkaline by the quinhydrone 
electrode, pH 7.3 at the first reading which can be taken, but with potential 
drifting very rapidly. If reliance were placed upon the two tests, it would be 
concluded that this soil is alkaline. Nevertheless, determinations of reaction 
by the hydrogen and antimony electrodes, and color tests with indicators 
indicate that the soil is quite acid, between pH 5.5 and 5.7, whereas addition of 
ferrous chloride to the acid used in the carbonate determination results in only 
a trace of carbon dioxide being obtained. 

The limestone in the Clermont silt loam parent material dissolves readily in 
1:50 hydrochloric acid, an indication that it is not of dolomitic character. 
The results indicate that on this sample, the use of stronger acid is not necessary. 

Apparatus 

The apparatus with accessories is shown in figure 1. The 200-ml. round- 
bottomed, short, ring necked Pyrex flask A is that in which the sample is 
treated with acid. The similar 1 -liter flask B is that in which the CO* is ab- 
sorbed and subsequently titrated. The two flasks are connected by the up- 
right water-jacketed condenser tube C, at the upper end of which is a large semi- 
circular bend attached as a side arm as indicated by the drawing, which is made 
to scale. The straight part of the condenser tube, continued as the other limb 
of the T for a short distance above, is closed by a rubber stopper with inserted 
glass tube, to which is hung. by a wire the gauge G, also shown in detail. The 
inner tube of this gauge was made from a piece of graduated pipette, inside 
diameter about 3 mm. The graduations on the tube enable one to read the 

1 Supplied by W. T. McGeorge, formerly of the Hawaiian Sugar Planter’s Experiment 
Station. 
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mercury level with considerable accuracy. Other details of construction will 
be plain from the drawing. The purpose of the gauge is not so much to indi- 
cate the absolute pressure within the apparatus, as to indicate when the appa- 
ratus has been exhausted to the practical capacity of the pump, and to give 
w T arning of leaks which might otherwise not be suspected. It is not necessary, 
therefore, to use very great care in filling the gauge with mercury to get every 
trace of air and moisture from the inner tube. It will suffice to put the mer- 
cury in the outer tube, and then put the gauge in a heavy test tube, which is 
connected to the pump and thoroughly exhausted. By tilting, the mercury is 
allowed to run away from the tip of the graduated tube, so that there is no 
hindrance to escape of gas. Under the conditions of practical use, the gauge 
will never be required to register a vacuum quite as great as this, hence the 
mercury will always stand at a level where it can be seen and the exact position 
with reference to the graduations on the tube noted. 

The inner tube of the condenser is made from a piece of soft glass tubing, 10 
mm. inside diameter and 1 mm. wall thickness. The side arm is of the same 
tubing. The condenser jacket is a piece of heavy-walled tubing about 25mm. 
inside diameter and 45 cm. long. In making the glass parts these dimensions 
and others which may be taken from the drawing should be followed, as the 
satisfactory performance of the apparatus may depend upon some of them. 
The jacket is attached to the condenser tube by means of no. 5 rubber stoppers; 
both are bored with one large hole slightly off center for the condenser tube, 
and the lower stopper is bored with two additional holes for glass tubes by 
which cooling water enters and leaves the condenser. 

Especial care should be taken in selecting and boring the two stoppers which 
connect the flasks to the condenser tube. These stoppers should be of the best 
quality, red, antimony-cured rubber, selected for soundness and elasticity, and 
large enough to be forced down into the mouths of the flasks to make a tight 
joint without risk of being draw n entirely in by air pressure. Each is carefully 
bored with one large hole 10 mm. in diameter for the condenser tube and one 
small hole 4 mm. in diameter for the heavy capillary tube of approximately 1 
mm. bore for introduction of reagents. These tubes should be long enough to 
extend down into the flasks as shown. Suitable lengths of 3-mm. heavy-walled 
tubing are attached to them; this should be stiff enough not to collapse, but not 
so hard that it cannot be securely closed by the clamps. The most satisfactory 
clamp is the Day pinchcock pattern. 

The apparatus is supported by an upright rod, to which it is secured by one 
large condenser clamp at about the middle of C. A few turns of adhesive tape 
about the condenser jacket tube and thick rubber tubing on the jaws of the 
clamp protect the glass from breakage. The adhesive tape enables the clamp 
to hold the glass tube without slipping and with less pressure than would other- 
wise be necessary. If many determinations are to be made, two or three 
assemblies can be fastened to one rod and all shaken at the same time. Be- 
cause of the brief time required for a determination with most samples, it will 
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be found that one man’s time is fully occupied by this number. An extra set 
of flasks for each condenser should be at hand. 

Accessory apparatus shown in the figure includes the automatic pipette H 
for delivery of a measured volume of Ba(OH)* solution siphoned through M 
from a stock bottle on a shelf above. The overflow from the pipette is caught 
in the flask L. Guard-tube N , filled with coarse soda lime, permits only puri- 
fied air to enter H when emptied, hence the pipette rarely requires cleaning. 
When this is necessary, it can be accomplished without taking down the appa- 
ratus entirely. The top part is removed and the body of the pipette cleaned 
by drawing through dilute HC1, water, concentrated H2SO4 with CrCb, and is 
finally very thoroughly washed with water to remove every trace of sulfate 
before the barium solution is again admitted. Finchcock K is insurance 
against loss of the entire stock of solution in case the plug should become loose 
in its shell. L and 11 are fastened by clamps to a rod attached to the shelf on 
which the stock bottle stands, directly above E. If only a few determinations 
are to be made, it will not be worth while to set up an automatic pipette. 
Excellent results can be obtained by the use of an ordinary transfer pipette, 
into which the clear Ikt(OH); solution is drawn considerably above the mark. 
The tip is wiped, and the level of the solution adjusted, whereupon the pipette 
is tilted and the solution caused to retreat from the tip, which may then be 
inserted into the end of E and the solution accurately delivered into B. 

The bead tower / is half filled with glass beads with a strong solution of KOH 
(30 gm. in 1(H) ml. water) to cover. Air allowed to enter the apparatus at the 
end of the procedure, before the contents of B are titrated, is drawn through this 
tower for purification. 

Trap J is intended especially to protect the vacuum pump from liquid which 
might l>e drawn into it, and from dust which may rise from dry soil on sud- 
den application of vacuum. The glass tube connected to the pump ends in 
a cylinder of wire gauze, closely wrapped with cotton. A gauge is enclosed 
within the trap. 

Any type of vacuum pump which will exhaust the apparatus with sufficient 
speed is suitable. A “Onco Hvvac*' pump has been in use in this work for 
two years past, and has given very little trouble. 

Reagents 

Barium hydroxide solution. Prepare a solution by dissolving the chemically 
pure crystals at the rate of 65 gm. to a liter of boiled and still hot water. Let 
stand over night for carbonate to settle. This solution is about 0.4 N and is 
practically saturated at room temperature. Siphon the clear solution into the 
storage bottle, which is already partly filled with the boiled and cooled water 
required for dilution to the proper strength. This should be such that one 
filling of the pipette used to deliver the solution will require slightly less than a 
burette full of the acid used in the titration. The author makes the solution 
slightly weaker than 0.2 A r , delivers it from a 30-ml. pipette and titrates with 
0.1 N HC1 from a 100-ml. chamber burette 1 M. C. A. No. 3). 
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Tenth-normal hydrochloric acid . A solution standardized by any of the well- 
known methods may be expected to have very nearly the theoretical value in 
carbonate, that is, 1 ml. = 0.005 gm. CaC0 8 . For the highest accuracy, how- 
ever, it is best to standardize the acid against a sample of pure CaCOj carried 
through the procedure. The water used in the preparation of the standard HC1 
should have been freed from COs and the solution protected from absorption 
of any from the air. 

Carbon dioxide-free uater. Boil distilled water in a large flask or metal can 
for half an hour, and protect it from the air while cooling and during storage. 
Dissolved air is objectionable in the water and solutions used in the appa- 
ratus, as it reduces the vacuum to some extent. Therefore, COj should be 
expelled from the water by boiling rather than by aeration. Reabsorption of 
both CO 2 and air by the water and solutions can be prevented by a layer of 
pure medicinal paraflin oil about 1 cm. thick, covering the surface. This also 
prevents the evaporation of solutions in partly filled stock bottles and conden- 
sation of water on the exposed walls, and so helps to keep the solution uniform 
in strength. 

Dilute hydrochloric acid . Dilute 1 volume of the C.P. concentrated hydro- 
chloric acid to 10 volumes with CCVfree water. This is the 1:10 HC1 
previously referred to, and is about 1.2 N. The 1 : 50 acid is made by diluting 
this solution with 4 volumes of water. 

Ferrous chloride solution . Put about half a pound of small wire nails in a 
500-ml. flask and cover them with hydrochloric acid diluted with an equal 
volume of water. Add a drop of “antifoam” to prevent foaming over, and set 
in the hood until action practically ceases. Pour off into a second flask and 
boil to expel H 2 S. Filter and preserve under oil. One ml. should contain 
about 0.35 gm. FeCl 2 and reduce 0.2 gm. Mn<X 

“Antifoam” A mixture of equal volumes of light mineral oil and capryl 
alcohol. A drop or two added from a small oiler to mixtures of soil and dilute 
acid which cause trouble from tenacious foam rising in the condenser, will cause 
the foam to break quickly. 

Indicator . About 0.5 ml. of a 0.5 per cent solution of either phenolphthalein 
or thymolphthalein in neutral 95 per cent alcohol may be used, but the two 
cannot be employed indiscriminately. The latter shows a sharper endpoint in 
the presence of much carbonate, but has the serious defect of a slow color 
change, hence the titration must be slowly and carefully performed. It also 
forms a colloidal precipitate in neutral solutions containing little carbonate, 
and the “tyndall blue” is likely to be mistaken for the alkaline color of the 
indicator. If the blue color is very faint and is not diminished by an additional 
drop of acid under these conditions, in all probability the proper endpoint has 
been reached. A certain check is to add phenolphthalein, which should show a 
strong pink color requiring 0.15 ml. 0.1 N HC1 to discharge if the solution is 
about 200 ml. volume and was exactly neutral to thymolphthalein. If BaCQi 
from 0.25 gm. CaCOa is present, the solution will require the addition of about 
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0.4 ml. 0.1 N HC1 to discharge the phenolphthalein color, and this may return 
on standing, because of loss of COj. Therefore, the normality of the acid will 
depend to a slight extent upon which indicator is used. The difference is to be 
attributed to solubility and hydrolysis of BaCOg, which affect thymolphthalein 
less than phenolphthalein, on account of the higher pH value at which the 
former is decolorized. 


Procedure 

Weight out a suitable amount of the sample, which may be 20 gm. or more if 
low in carbonate, but should not contain much more than the equivalent of 
0.25 gm. CaCOj. Transfer to flask A and connect securely. Connect empty 
flask B and attach clamp E near the free end of the rubber tube, and also 
have clamp X attached. Connect flask A to the vacuum pump through trap 
/, remove clamp D and exhaust the apparatus until gauge G indicates about 2 
cm. Hg pressure within the apparatus, or the greatest vacuum obtainable with 
water in the apparatus. A satisfactory pump should do this within two 
minutes. Near the end of the period of exhaustion, connect rubber tube E to 
the tip of the pipette 77, the body of which is filled with Ba(OH)*, but with tip 
and bore of plug empty. Release clamp E momentarily, then open the 
stopcock on II. By cautious release of clamp £, permit the solution to flow 
into B at about the rate at which such a pipette should be emptied for repro- 
ducible delivery, until the last drop of solution has been drawn from the tip of 
II. Close the clamp, then the stopcock, then release the clamp for a moment, 
in order that the expansion of air in the tip of II may drive the solution in the 
rubber tube E into flask B. Pinch the rubber tube near its end and remove it 
from 77, and without releasing the pressure immerse the end in a 50-ml. beaker 
filled with COrfree water. By releasing clamp 7£, the beaker is emptied 
rapidly and all IkuOH) 2 washed from the rubber tube E into flask B. Needless 
to say, the flow is stopped while the tube is still filled with water. By this 
time, the apparatus should be so completely exhausted that the liquid just 
added is boiling or at least evaporating so rapidly that water is beginning to 
condense near the top of the condenser through which a plentiful supply of 
cold water should be circulating. Attach clamp D near the short capillary 
shown at the end of the rubber tube, stop the pump, and disconnect. Allow 
about 25 ml. carbon dioxide-free water to enter the apparatus at A', adding most 
of this at once, shaking A until the sample is wetted, then adding the remainder 
of the water to wash dust down from the condenser. Measure out the required 
amount of 1 : 10 hydrochloric acid into a small beaker, add 5 ml. ferrous chloride 
solution and enough water to make 75 ml. Allow this to be drawn into A 
through Z), cautiously at first lest too much foam be produced. If foam rises 
into the condenser, a drop of “antifoam” in the open end of X with a little 
water to wash it down will break up the bubbles. If this difficulty is antici- 
pated, the addition may be made to the sample in the flask before the apparatus 
is connected. However, it is not necessary with many samples, and should not 
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be used as a routine measure, as it obscures the appearance of minute bubbles 
indicating incomplete decomposition of carbonate. As soon as foaming moder- 
ates, shake B to cause the liquid therein to swirl, in order that the crust of 
carbonate on the surface may be broken up and absorption hastened. Some 
judgment must be exercised here, as too sudden reduction in pressure within 
the apparatus as the result of rapid absorption of carbon dioxide may cause the 
foaming to become unmanageable, especially if the acid and soil have been 
wanned and no “antifoam” has been added. The apparatus should not be 
shaken violently— merely moved enough to cause the solution to swirl about. 
The clamp which grips the condenser jacket near its middle and the thick 
rubber tubing between readily permit sufficient movement. 

When very vigorous evolution of gas has ceased, and most of it has been 
absorbed as shown by the appearance of the liquid in B and the reading of the 
manometer G , light the microburner 0 and adjust the flame to about 5 mm. 
height. Within a few seconds the mixture in A should be boiling vigorously 
and vapor condensing at about the middle of C. As long as considerable 
decomposition of carbonate continues, the acid and soil will boil quietly. 
When carbonate is practically all decomposed, violent bumping may be 
expected. To observe whether decom]X)sition of carbonate is complete, 
remove the flame, shake the flask, and let it stand quiet for a few seconds. 
Observe closely whether any small bubbles continue to rise. If none appear 
within a half minute or so, all carbonate has been decomposed. This test is 
very delicate, because of the enormous expansion of bubbles in vacuo. Only in 
the case of samples ground in metal is there any danger of error. An inexperi- 
enced operator may possible mistake peculiar movements on the surface of the 
liquid, due to the effect of “antifoam” on surface tension, for bubbles quickly 
breaking. In both cases, however, the error will be on the safe side, so that 
there is no reason to fear incomplete decomposition. If much carbonate has 
been decomposed, the boiling should be continued about 8 minutes after this 
point, in order to be sure that all carbon dioxide has been driven into B and 
absorbed, the absorbent being agitated occasionally meanwhile. At the end 
of this time, the manometer G should read practically the same as it did before 
the acid was added, indicating that all carbon dioxide has been absorbed, that 
there has been no leak of air into the apparatus, and that the flow of water 
through the condenser has been sufficient to prevent accumulation of heat and 
rise in boiling temperature. 

Before opening the apparatus, allow a little carbon dioxide-free water to be 
drawn in through D and X to wash the tube and condenser, then connect D to 
bead tower I and allow air to enter, slowly at first lest acid be thrown up into 
the condenser or alkali be drawn over from the tower. While the air is enter- 
ing, agitate the absorbent in B . Disconnect /, A, and B in this order, and 
close the mouth of B with a one-hole rubber stopper plugged with a bit of 
heavy rod as soon as disconnected, first washing down the outside of the capil- 
lary tube extending into the flask with a spurt of water to remove any drops of 
the absorbent adhering. 
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Before beginning the titration, shake the liquid in B , remove the glass plug, 
and add the indicator. Insert the delivery tip of the burette filled with 0.1 N 
hydrochloric acid into the hole in the stopper and let the acid run in rather 
slowly with constant gentle swirling. As the excess of barium hydroxide is 
neutralized, reduce the rate at which the acid is added until each drop falls 
separately. As soon as each drop of acid produces a colorless zone in the 
liquid, discontinue the titration and shake the liquid vigorously, the hole in the 
stopper being dosed with the bit of rod as before. If the amount of carbon 
dioxide absorbed has been considerable, so that the amount of acid required up 
to this point is much less than the blank, sufficient carbon dioxide-free water 
should be added to increase the volume of the solution to that of a blank 
determination. Neglect of this precaution may cause low results, because the 
high pH value at which the indicator turns requires an appreciable concentra- 
tion of barium hydroxide. Continue the dropwise addition of acid from the 
burette until the indicator color is largely, but not entirely, discharged, then 
shake the flask again. Following this, some color should still remain, requiring 
2 or 3 drops of acid to discharge completely. Deduct the burette reading from 
that of a blank determination conducted in the same way except that no 
sample is included, in order to get the volume of standard acid corresponding to 
the carbonate content of the sample. 

.V oles on the determination 

Samples of peat soil and leaf mold are most troublesome, as the light and 
powdery material is prone to rise in dust when water is first added, and also 
foams persistently when acid is added. By the procedure described, these 
troubles can be overcome. Many of the precautions are not necessary with 
ordinary mineral soils. 

During the latter part of the boiling period, after most of the carbon dioxide 
has been expelled, the mixture is likely to bump with great violence and be 
thrown high into the condenser. It is for this reason that the apparatus is 
made tall. Such a very violent bump always follows a period of perfect quiet, 
during which the solution is becoming slightly superheated. Gentle shaking 
will prevent violent bumping. At each bump, a loud click or “water hammer” 
is heard, leading the inexperienced operator to fear that the apparatus will 
collapse at a repetition. During the course of thousands of determinations, 
the author has had only two or three flasks cracked from this cause. In each 
instance a star-shaped crack appeared in the side of the flask, was noticed at 
once, and the determination saved by smearing grease upon the crack to stop 
the entrance of air. The only instance in which any part of the apparatus 
collapsed from air pressure was when a flat-bottomed flask was tried. Only 
spherical flasks can be depended upon to stand the pressure. 

The condenser tube should not be constricted at the lower end, lest liquid 
thrown up and condensate be unable to return past the ascending vapor, and 
finally be thrown into B. 
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The pressure within the apparatus should be watched closely, as a rise indi- 
cates that the boiling temperature is rising, with risk of obtaining carbon 
dioxide from the decomposition of organic matter. Increase in pressure may 
be due to a leak, too large a flame, too warm condenser water, or ineffective 
absorption of carbon dioxide. If not due to leakage, the manometer reading 
should decrease when the flame is removed and the apparatus shaken. Poor 
quality, ill-fitting, or badly bored rubber stoppers are the chief cause of leaks; 
tubing has given little trouble. 

If too large a flame is used, or the condenser water is warm, vapor may pass 
into B and condense there. Except that it is an indication that the apparatus 
is not properly managed, and that the temperature is rising, this does no harm. 
The vapor carries no hydrochloric acid, with the possible exception of a trace in 
spray. 

The question of the optimum strength of acid to be used for the decomposi- 
tion of the carbonates in a particular sample, or to be used for routine work, is a 
matter of judgment. One to fifty acid is entirely too weak for samples con- 
taining dolomitic limestone, and is probably weaker than necessary for routine 
use. Hydrochloric acid at 1 : 25 dilution with ferrous chloride will probably be 
more generally satisfactory. For samples containing dolomite, 1:10 acid is 
advised, always with ferrous chloride. If a determination has been started 
with weak acid and the continued evolution of carbon dioxide after a reasonable 
time indicates that dolomite is present, the strength of acid in the boiling flask 
is easily increased, best by the addition of 1 : 2 hydrochloric acid. 

The time required for a determination will depend upon the nature of the 
carbonate mineral in the sample, the fineness to which it is ground, the strength 
of acid used for decomposition of carbonates, and the amount of agitation by 
boiling or shaking. If the carbonate is calcite, it will be decomposed in a short 
time, even with the 1 : 50 acid. If it is a very resistant limestone or dolomite, 
a 1:10 acid will be desirable. If a sample of this kind is ground to pass 100 
mesh, decomposition should not require more than 45 minutes, and probably 
much less in most cases. The time required for complete expulsion of carbon 
dioxide from the acid and absorption in the barium hydroxide is about 8 
minutes, when aided by several gentle shakings. Breaking the vacuum and 
dismantling the apparatus require about a minute. After some experience, the 
titration should not require more than 5 minutes. One can demonstrate in 7 or 
8 minutes that a sample contains no carbonate, or only a trace, and complete a 
determination under the most favorable conditions in about 15 minutes. No 
properly prepared sample should require more than an hour for an accurate 
determination of the carbonate content. One man can handle three or four 
assemblies of apparatus, and with ordinary samples his time will be fully 
occupied. 

Although the procedure described was developed for work with soils, there 
seems to be no reason why it should not be adapted to the determination of 
carbonates in other materials. For use with samples from which volatile acids 
other than carbonic are evolved under the conditions of the experiment, it 
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should be possible to neutralize the absorbent, filter and wash the precipi- 
tate, dissolve in excess standard acid, and titrate for an accurate determination 
of carbonate. Experiments have shown that by this procedure accurate results 
are obtained when hydrogen sulfide accompanies carbon dioxide. If the sample 
contains sulfite as well as carbonate, it should be possible to absorb both gases, 
add an oxidizing reagent and excess acid, and reabsorb carbon dioxide alone . 2 

SUMMARY 

A simple apparatus and procedure for determination of carbonates in soil are 
described. 

1 Addendum, July 15, 1930. — Since this paper was accepted for publication, Dr. E. C. 
Shorcy, of the soil fertility laboratory, Bureau of Soils, U. S. Department of Agriculture, has 
informed the author in a personal communication, dated July 10, that he believes the presence 
of uronic acids in soil to be a source of error in carbonate determinations. He has obtained 
evidence that substances of this class are of common occurrence in soils, and that they are 
more readily decarboxylated in the presence of quite dilute acids than has been realized. 

The decarboxylation reaction 


C*Hio0 7 = CM + 3H : 0 + C0 2 

is quantitative, at least with respect to carbon dioxide, when uronic acids are boiled for a 
minimum of five hours with 12 per cent HC1. The furfuraldehyde is obtained in amount less 
than demanded by theory, but collection and determination of CO* evolved have been made 
the basis of a method for determination of uronic acids.* In a later paper, f it is stated that in 
the presence of very dilute acid the uronic acid is decomposed, but reversion products are 
formed which are very resistant to further decomposition, and the yield of CO* is no longer 
quantitative. In this case the course of the reaction is not a function linear with time, but 
proceeds at a rapidly diminishing rate. This seems particularly unfortunate, since it detracts 
from the value of an obvious means for correcting the error in carbonate determinations. 
With a constant rate of decomposition, it would be possible to make a second determination 
with twice the time allowed for the action of the acid, and any increase in CO* obtained during 
the doubled time would correspond to the blank to be applied to the first determination. 

The authors of the latter paper state that with a decrease in temperature below 100°C. 
the rate of decarboxylation in the presence of dilute acid falls off rapidly, but present no 
data in support of the statement. As has already been mentioned in discussion of the data 
presented in table 1 , increase in strength of acid and in time of action has been found to 
increase the amount of C() 3 obtained by the procedure described, even when ferrous chloride 
had been added to prevent an oxidizing action. In the case of three similar virgin surface 
soils containing considerable leaf mold and partly decomposed forest debris, a five-fold in- 
crease in strength of acid and a three-fold increase in time resulted in a constant increase in 
COj obtained, about 0.08 m.c. per 100 gm. soil. This is probably the extent of the error due 
to decarboxylation from increase in severity of treatment. Even granting that these soils 
arc entirely free from carbonates, anti that the whole of the apparent carbonate content is 
due to decomposition of organic matter, the marked effect of ferrous chloride indicates that 
under the conditions of these experiments decarboxylation is a minor source of error com- 
pared to oxidation. 

• Dickson, A. I)., Otterson, Henry, and Link, K. P. 1930 A method for the deter- 
mination of uronic acids. Jour. Amer. Cktm. Soc. 52: 775-779. 

t Link, K. P. and Niemann, Carl 1930 The action of weak mineral acids on uronic 
adds. Jour. Amer . Chem. Soc. 52: 2474-2480. 
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Carbon dioxide evolved from carbonates on boiling the sample with dilute 
hydrochloric acid containing ferrous chloride, below 30°C. in an evacuated 
apparatus, is absorbed in excess standard barium hydroxide solution under 
conditions ensuring complete absorption, and the excess barium hydroxide is 
titrated in the presence of the precipitated carbonate. 

A study of the reasons for high results in the determination of carbonates in 
soil is reported. It is shown that oxidation of organic matter to carbon dioxide 
by reaction with manganese dioxide native to the soil and added acid may be a 
factor that is in many cases important even witli the most dilute acid at room 
temperature. The addition of ferrous chloride to the acid used for decompos- 
ing soil carbonates is proposed as a remedy for this source of error. 

As ferrous chloride does not entirely prevent evolution of carbon dioxide 
from soils containing no carbonates when treated with comparatively strong 
acid at higher temperature or for a longer time, the importance of conducting 
the determination at the lowest temperature and with the most dilute acid that 
can be used, consistent with complete decomposition of carbonates in a reason- 
able time, is stressed. 

Special advantages claimed for the apparatus and procedure are greater sim- 
plicity, rapidity, and accuracy. Carbon dioxide from sources other than 
carbonate minerals is minimized, completion of decomposition can be recog- 
nized, and complete absorption ensured. 

Application to determination of carbonates in materials other than soil is 
suggested and procedures outlined. 
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RELATION OF NITRATES IN SOILS TO THE RESPONSE OF CROPS 
TO POTASH FERTILIZATION: 1 I. FACTORS CONTRIBUTING TO 
THE UNPRODUCTIVENESS OF “ALKALI’’ SOILS IN ILLINOIS 

O. H. SEARS 

University of Illinois Agricultural Experiment Station 
Received for publication March 3, 1930 

The capacity for crop production of thousands of acres of more or less un- 
productive soil, commonly known as “alkali,” which are located in the northern 
half of Illinois, may be greatly increased by the application of potash salts. 
The need for potassium on these soils has existed for many years and was rec- 
ognized previous to 1912. 

On other soils, particularly in the southern third of the state, the need for 
potash salts appears to be developing and is usually associated with the re- 
peated growing of sweet clover on the land. 

The results reported in this paper were obtained in studies of the first group 
of soils, begun in 1923 to determine the reasons for crop response on these 
soils where potash salts were applied. As a result of many laboratory tests, 
greenhouse studies, and held trials, it is concluded that two factors contribute 
to the unproductiveness of these soils: first, a deficiency of available potas- 
sium; and second, an excessive accumulation of nitrate nitrogen. 

The first of these conditions is associated with the presence of a high lime 
content in a large percentage of cases, although in some instances a low amount 
of total potassium exists. 

The second factor is the result of conditions favorable for nitrate formation, 
particularly the presence of calcium carbonate and an abundance of readily 
nitrifiable organic matter. 

The following observations are presented in support of the conclusion that 
these two factors play an important part in the responsiveness of these soils 
to applications of potash salts. 

The “alkali’' soils of Illinois, occurring in tracts which vary in size from a few square rods 
to many acres, are usually found in connection with swamp land that has been reclaimed by 
drainage and brought under cultivation. Consequently, they are usually high in organic 
matter and they contain an abundance of carbonates. The first one or two crops grown are 
ordinarily satisfactory, but subsequent yields are disappointing. Corn appears to be affected 
most seriously. It germinates well and makes a normal growth for a very few’ weeks, after 
which it ceases to grow, turns yellow, and finally has the appearance of being badly diseased. 


1 Published with the approval of the director. Contribution from the department of 
agronomy. This paper was submitted to the faculty of the University of Illinois in partial 
fulfillment of the requirements for the degree of doctor of philosophy. 
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Small grains produce an abundant vegetation but lodge badly, and as a result a low yield of 
shriveled grain is produced. Sweet clover, however, makes a splendid growth. 

After adequate drainage has been obtained, the capacity for crop production on these soils 
is greatly increased by the application of potash salts and by the use of straw, com cobs, or 
manure, particularly horse manure. In fact, after such treatments, these soils frequently 
produce larger and better crops than the fertile land surrounding them. 

A whitish deposit on the surface of these soils, when dry, is a characteristic feature which 
has led to the general adoption of the term “alkali" for the designation of these unproductive 
areas. Although it is generally recognized that the alkali differs from the black alkali of the 
arid regions, opinions differ as to the cause of the unproductiveness of these soils. 

Unproductive soils, similar in character to those in Illinois, are known to occur in Iowa, 
Wisconsin, Indiana, and to some extent in other states. Although investigators in these states 
generally recognize the same characteristics and have improved the crop-producing capacity 
of these soils by the same kinds of treatment, there is considerable difference of opinion as to 
the cause of their unproductiveness. 

King and Jeffrey (13) believed that some injurious principles exist in the soil water and 
that the beneficial influence of potassium-containing salts could not be in the direction of 
supplying needed potash for plant-food. They state that they were much surprised to find 
that no perceptible influence was exerted by liquid manure, whereas a very large increase was 
realized on the plots receiving solid manure. 

Conner and Abbott (7) were of the opinion that a lack of available potassium is the factor 
limiting the crop yields on the Indiana soils of this character, and that the value of straw, com 
cobs, and similar materials is due entirely to the potassium contained therein. They stated 
that “wheat and oats straw contain from seven-tenths to over one per cent of potash— practi- 
cally all soluble in cold water." They concluded from this that it is obvious that no other 
explanation is necessary of why wheat straw is a beneficial treatment for peat soils deficient in 
potash. It may be added in this connection that many alkali soils not deficient in total po- 
tassium give a marked increase in yield when straw applications are made. 

Bancroft (2) concluded that the presence of calcium bicarbonate is the chief soluble salt 
in the alkali soils of Iowa, although he agreed that the presence of other salts in addition to 
this compound may prove injurious. It is stated that drainage and the application of manure 
will remedy alkali conditions in Iowa, w'hereas potassium and calcareous clay have practically 
no influence on the reclamation of such soils. As no crop yields are reported, it is assumed 
that these conclusions are based upon chemical analyses alone. Analyses of the leachings of 
soils receiving various treatments are given, but no mention is made of the nitrate content of 
the soil. 

Hopkins, Readhimer, and Fisher (11) were of the opinion that these soils were not improp- 
erly called “alkali," and that magnesium carbonate was the toxic substance responsible for 
the low crop yields. They concluded that plenty of tile, laid deep and made to work, is all 
that some of these alkali spots need to make them grow good corn. Subsequent investigations 
(18) at the Illinois Experiment Station on other kinds of soil indicate that magnesium toxicity 
is negligible even though a relatively high proportion of magnesium carbonate is present 

In planning the experiments which are presented here, consideration was 
given to the possible causes of the unfavorable soil condition or conditions re- 
sulting in low crop yields. It is obvious that the unproductiveness could be 
due to the absence of an essential factor, to the presence of an unfavorable 
influence, or to a combination of both. The treatments used in an effort to 
improve these soils were selected with these things in mind. 

Recognizing the limitations of laboratory work, and appreciating the fact 
that greenhouse studies should be supplemented by field trials, the author 
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employed all three methods in the investigations herein reported. Further- 
more, in order that any conclusions which were reached might not be too 
limited in their application, 10 soils from 9 counties were investigated during 
the progress of the work. 


GREENHOUSE EXPERIMENTS 
Effects of crop residues and mineral fertilizers 

Preliminary results obtained by F. H. Maxfield, as a part of a student’s 
thesis, indicated that potash salts were effective in increasing crop yields on 
alkali soils. Either wheat or oats straw used as a mulch was more effective, 
however, than the chloride or sulfate of potash, even though the straw and 

TAIJLE 1 

Weights of lettuce and wheat grown under greenhouse conditions on black sandy loam from 

Cass County 


soil treatment 


Kiwi 


Amount* 


WEIGHT OF CHOPS 


Wheat 


Lettuce 



i 

i 

f 

Grain 

Straw 


• \ 

£***. | 

gm. 

gm. 

None 


1 05 ’ 

4.25 

8.75 

K-SO. 

200 

1 40 j 

7.50 

14.35 

KC1 

200 i 

1.85 | 

6.09 

13.26 

K.COi 

200 j 

1.08 j 

7.62 

12.43 

Wheat straw 

... ... 5 tons mulch j 

2.40 j 

8.20 1 

13.06 

Sweet clover 

1 ton mulch 

1.08 | 

10.581 

1 17.70 

* Unless otherwise stated, 
pounds). 

all soil treatment is given in terms 

of pounds 

an acre (2,000,000 


t Additional treatment of 200 pounds potassium sulfate and 500 pounds superphosphate. 


potash salts contained the same amount of potassium. Sweet clover, on the 
other hand, was ineffective (table 1). 

It appears that the use of potassium-containing salts had a beneficial effect 
upon the growth of lettuce and wheat. When judged by the yields of lettuce, 
the chloride appears to be the best of the three salts tested, and potassium 
carbonate the least effective. The residual effect upon the subsequent wheat 
crop, however, was greatest where the sulfate had been used. This difference 
may be accounted for by the fact that the chloride had produced the biggest 
crop previously. When results obtained in subsequent trials are considered, 
there appears to be little choice between the chloride and sulfate for use on 
this soil. In nearly all cases the potassium carbonate was somew r hat less 
beneficial than either of the other two potash salts. This is probably due to 
its tendency to increase the alkalinity of an already too alkaline soil. 

It is of interest to find that wheat straw had a more marked influence upon 
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the yield of lettuce than any other treatment. There are at least three possible 
explanations for the increased yields where the straw is applied : first, the straw 
served as a source of readily available potassium; second, the organic matter 
added in the straw reduced the toxicity of the soil by absorption of unfavorable 
constituents; and third, favorable changes in the microorganic population of 
the soil were brought about through the addition of food materials in the 
straw. 

The investigations of many workers have proved that straw serves as a 
source of readily soluble potassium but it seems unlikely that the greater 
benefit resulting from this treatment is due solely to the potassium which it 
contains, since both the potassium chloride and carbonate treatments contain 
a larger amount of this element than the straw. 

Little significance can be attached to the second point as an explanation of 
these observed differences in crop response because sweet clover not only fur- 
nishes potassium but also supplies organic matter; nevertheless, it had no 
beneficial effect upon crop yields. 

The yields of both lettuce and wheat suggest that in addition to the benefit 
derived from the potassium contained in the straw, a biological factor is to be 
considered. Several investigators (6) have proved that applications of straw 
and other cellulosic materials lower the nitrate nitrogen content of soils. This 
decrease is not a permanent effect, however, for the soil returns to its normal 
condition after a few weeks. Since these alkali soils readily produce nitrate 
nitrogen, it is conceivable that in the absence of certain essential elements, such 
as potassium, an accumulation of nitrate nitrogen is toxic, either in itself or 
by lowering the resistance of the plant so that other unfavorable influences 
become increasingly detrimental. Under such a condition, the beneficial effect 
of wheat straw may be attributed to two effects; namely, the addition of 
available potassium and the diminution of soil nitrates. Sweet clover, on the 
other hand, could not be expected to exert a beneficial effect because any 
benefit due to soluble potassiupi which it contained would tend to be offset 
by the accumulation of nitrates induced by the sweet clover. 

In the residual effect upon the wheat yields, the same tendencies are evi- 
dent. The influence of potassium, whether applied as salts or in the straw, is 
still apparent, but the difference between the straw and potash treatments is 
considerably decreased. This would be expected if the effect of the straw is 
due partially to biological activities, for, as previously stated, the nitrate re- 
duction is only temporary'. The method of applying the straw, however, is 
an important factor determining the residual effect upon nitrate accumulation. 
When it is incorporated with the soil, as compared with the mulch method, a 
more pronounced immediate reduction of the nitrate nitrogen content is 
brought about, followed shortly by a decided nitrate accumulation. When it 
is used as a mulch, a less pronounced immediate effect is obtained which per- 
sists longer before excessive nitrate accumulation again occurs. 

In general, the soil from Whiteside County gave results similar to those ob- 
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tained with the soil from Cass County (table 2). Of the three crops grown, 
corn is decidedly the most responsive to potash fertilization, a fact which is 
well recognized from general observation. The lettuce crop, however, is the 
only one responding to phosphate treatment, giving increases which are quite 
striking, particularly when used in addition to a potassium-containing salt. 
This observation well illustrates the possibility of error when an attempt is 
made to apply the results obtained from one observation to other conditions. 
As subsequent data will show, no evidence has been obtained indicating that 
com grown on this kind of soil is responsive to phosphate treatment. 

The value of straw is again strikingly demonstrated, especially where it is 
used in addition to the potassium salts. The treatment consisting of sweet 


TABLE 2 

Weights of lettuce, corn and wheat grown under greenhouse conditions on black satuiy loam from 

Whiteside County 


SOIL TREATMENT 


i 

WEIGHT OF CROPS 


Kirvi 

.Vn-.unt* 

! Lettuce ! 

! I 

Corn 

i 

Wheat 

Gram 

Straw 



' t*. 

S’* 


gm. 

None 


: 0 95 ! 

45 5 ; 

7 2 

17.5 

K:SO« 

500 

1 1 55 

106 0 j 

8.3 

20.3 

KU 

500 

; 0 95 ! 

112.5 : 

8.2 

19.6 

K*CO* 

500 

I 0 92 1 

91.5 

9.2 

17.1 

NaCl 

500 

! 0 85 | 

49.0 . 

7.5 

19.7 

Superphosphate . 

500 

; i.55 i 

42 0 , 




500 

j ' 




KgS< )< superphosphate . . 

500 

2 25 1 

;>» ! 

116 5 ’ 

7.9 

20.9 

Wheat straw 

2 tons 

’ 1.2S j 

207 5* 

9.1 

23.8 

Sweet clover 

1 ton 

: 1.04 ; 

151 Or! 

9.4 

23.4 


* Unless otherwise stated, all soil treatment is given in terms of pounds an acre (2,000,000 
pounds). 

t 250 pounds of K s S0 4 and 500 pounds superphosphate in addition to previous treatment. 


clover, superphosphate, and potassium sulfate cannot be considered any more 
effective than the corresponding treatment without the sweet clover, whereas, 
the straw in ihr same combination has had a very marked influence on the corn 
yields, again indicating that it owes its value in part to factors other than the 
potassium content. The residual effect upon the succeeding wheat crop is 
very small. Two conditions contribute to such a result. First, wheat ap- 
pears to be less seriously influenced by the toxicity of these soils than is corn, 
consequently it is less responsive to the usual effective treatments. Second, 
the residual effect of straw* treatment could not be expected to be large if its 
value depends upon its effect on the accumulation of nitrates in the soil, in 
addition, of course, to the potassium which it supplies. 
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Besides the effect upon crop yields, both straw and potash treatments had 
a marked influence upon the appearance of the plants. In the absence of soil 
treatment, a browning and curling of the leaf tip occurred. In some cases 
this condition progressed to the complete killing of many leaves. These 
symptoms are unlike those obtained where potassium-deficient nutrients are 
used for the growing of corn. The leaves of the corn in the latter case are 
striped but not brown and crinkled. Apparently some factor in addition to a 
potassium deficiency affects the leaf reaction in these soils. 

Many experiments have shown that sodium chloride is effective in increasing 
crop yields on many potassium-deficient soils. This response has been at- 
tributed to a base-exchange phenomenon and to the direct substitution of 


TABLE 3 

Weights of corn grown under greenhouse conditions on deep peat soil from Cass County 


SOIL TREATMENT 

WEIGHT or CORN CROP 

INCREASE 

1st jar* 

2nd jar* 

Average 

OVER CHECH 

None 

gm. 

44.8 

gm. 

55.0 

gm. 

49.9 

per cent 

2. 5- ton straw mulch 

116 5 

115.3 

115.9 

132.2 

5.0- ton straw mulch 

151.1 

153,8 

152.5 

205.6 

Ashes from 2.5 tons straw 

89.8 

75.3 

82.6 

65.5 

Ashes from 5.0 tons straw 

91.0 

111.3 

101.2 

102 8 

1-ton sweet clover mulch 

94 3 

97.3 

95.8 

92.0 

3-ton sweet clover mulch 

130.3 

132.3 

131 3 

163.1 

Ashes from 1 ton sweet clover 

90.3 

86.2 

! 88.3 

77.0 

Ashes from 3 tons sweet clover 

113 0 

132 3 

! 122 7 

145.9 

200 pounds potassium chloride 

112.7 

113.0 

112.9 

126.3 

5.0-ton straw mulch plus 200 pounds potassium 
chloride 

163.0 

161.0 

162.0 

224.6 

Ashes from 5.0 tons straw plus 200 pounds po- 
tassium chloride 

143.3 

140.7 

142 0 

184.6 


* Average of three successive crops upon the same jar. 


potassium by sodium in the nutrition of the plant. In this experiment, how- 
ever, sodium chloride failed to affect any of the crop yields materially. 

Comparison of straw and sweet clover with their ashes 

The two previous experiments indicated that the value of straw for the im- 
provement of these alkali soils was not confined to the potassium it contained. 
If, in addition to supplying this element, a beneficial influence was exerted 
through a lowered nitrate nitrogen content as a result of microorganic activity, 
it follows that unburned straw should have a more marked effect upon crop 
yields than would its ashes. On the other hand, sweet clover would not be 
expected to be more effective than its ashes since it would supply only one 
factor— potassium — and would not lower the amount of soil nitrates, but 
rather tend toward increasing them. 
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Table 3 gives the results of an experiment designed to test this hypothesis. 

These results were obtained on a soil located one-fourth mile from the Cass 
County soil used in the previous experiment. It is somewhat higher in organic 
matter, but, as can be seen from a comparison of the results, responds to treat- 
ment in a manner similar to that of the other soil. . 

It may be seen that a mulch consisting of 2.5 tons of straw to the acre was less 
effective in increasing corn yields than was a 5-ton application, and that a 
straw mulch was twice as effective as the ashes from the corresponding amount 
of straw. 

In the case of sweet clover, however, there was little difference between the 
mulch and the ashes. On a percentage increase basis there appeared to be an 
advantage in favor of the unburned sweet clover, but an inspection of the 
duplicates shows that the difference was within the range of experimental 
error. It appears, therefore, that the wheat straw supplies a factor favorably 
influencing the growth of corn and which may be lost by burning, whereas the 
sweet clover is lacking in this factor. Furthermore, 2.5 tons of straw supplied 
in the form of a mulch results in a larger increased corn yield than an amount 
of potassium chloride supplying twice as much potassium. The results are 
in agreement with those reported in table 2 for another soil. 

Effect of growing su'cet clover upon subsequent yields 

Sweet clover makes an excellent growth on alkali soils in Illinois. It would 
be reasonable to assume that if a potassium deficiency were the sole factor 
limiting yields on these soils, the growing and plowing under of a sweet clover 
crop should increase crop yields, the beneficial effect being obtained by the re- 
lease through decomposition of the potassium contained in the sweet clover 
plants. Field observations on a Cass County farm failed to justify such an 
assumption, however, for the poorest corn in the field was found on the area 
where the largest amount of sweet clover was plowed down. This condition 
might have been attributed to a moisture effect, were it not for the fact that 
splendid corn was grown under the same conditions where potassium chloride 
was applied. It seemed desirable, therefore, to determine under controlled 
greenhouse conditions the extent to which sweet clover would restore the pro- 
ductive power of these soils. Consequently, an experiment was begun in 
which biennial white blossom sweet clover was grown in some jars while other 
jars containing the same kind of soil were allowed to remain fallow although 
kept at the same moisture content. When the sweet clover had attained a 
height of about 18 inches, tops and roots were returned in some cases to the 
soil in which they grew, whereas in other cases they were removed and placed 
in fallow soil. All of the jars were planted to corn, which produced the yields 
reported in table 4. 

It cannot be said that the growing of sweet clover on this soil had a marked 
influence on its productive capacity, since the average yield of jars 11 and 12 
with sweet clover is little above the average of the checks, jar 12 being but 0.9 
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gm. heavier than jar 13. For a similar comparison, jars 3, 4, 9, 10 may be 
considered. When the variation between duplicates is considered, there is 
little evidence to indicate that the sweet clover, in addition to the potassium 
chloride, has had any pronounced effect. It is evident, however, that the 
sweet clover crop has taken something of value, apparently potassium, to the 
corn crop from jars 5 and 6 and added it to jars 7 and 8. In this connection, 
it is of interest to note that the average decrease in yield on the soil from which 
the sweet clover has been removed is 52 gm. and that the gain where the 
sweet clover tops were added is 40 gm. The results from this single experi- 


TABLE 4 

Weights of corn grown uttder greenhouse conditions on block sandy loam from Cass County , as 
influenced by a sweet clover green manure crop 


JAR NO. 

1 

1 

j 

SOIL TREATMENT j 

i 

CORN WEIGHTS FOLLOWING 
SECOND TREATMENT 


! First 

1 Second j 

Average 

Individual 


! 

/ 

gm. 

gm. 

1 

Fallow 

None j 

133.0 

130.7 

2 


! 


130.8 

13 


j 


137.4 

3 

1 

Fallow 

( KC1— 150 pounds an at re 

189.1 

j 178.7 

4 


; ; 


! 199.5 

i 

5 

Sweet clover 

1 

Sweet clover removed —tops j 

81.0 

i 

; 80.0 

6 

! 


and roots j 


82.0 

7 j 

Fallow 

j 

; Sweet clover tops from 5 and j 

173 0 

173 0 

8 1 


i 6 added I 

1 1 


j 172 9 

9 

Sweet clover 

j 

Sweet clover returned— K Cl ! 

188.8 

191.5 

10 


— 150 pounds an acre 


186.1 

11 

Sweet clover 

Sweet clover returned 

141.6 

144.7 

12 


1 


138.5 


ment are too meager to warrant a statement to the effect that sweet clover 
will not improve this kind of soil. The data are suggestive, however, and indi- 
cate that on this one soil any benefit which is derived from an increased avail- 
ability of potassium brought about by the growing and returning of the sweet 
clover may be nullified by the increased nitrate nitrogen which accumulates 
as a result of the rapid decay of the sweet clover. 

Relation of temperature and moisture to crop yields arid nitrate accumulation 

It is a common observation that the yield of crops produced on these alkali 
soils varies more widely from season to season than on most soils. The most 
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productive areas appear to lie either in the most poorly drained part of the 
field or along the tile drains, whereas the least productive areas are intermediate 
in position. These better yields in the favorable seasons and on the more 
productive areas may be due to a condition favorable for maximum crop utiliza- 
tion of potassium or to a condition that limits the accumulation of a toxic 
substance, such as an excess of nitrates. In order to determine which of these 
conditions obtains, the response of an alkali soil to potash treatment was 
studied at different moisture and temperature conditions in the greenhouse. 
During the season of 1927 the field from which the soil was taken produced 
5.75 bushels of co^n to the acre without treatment and 60 bushels an acre 
where muriate of potash was hill-dropped at the rate of 75 pounds an acre. 

After reaching the greenhouse, the soil was leached with distilled water in 
order to remove most of the soluble salts, particularly nitrates, dried to a 


TABLE 5 

Influence of moisture and temperature upon nitrate content of a brown sandy loam from 

McHenry County 


N'lTHATf > IN DISPLACED SOI I. S Lt’TION 


! > »s’ n: 'Mure content 

1 

INt’UIM TION J 

reiioLt 1 


21 per cent 

1 

1 


*1 pK*r cent 


1 



S »j! temp 4 

Mture 




r 


.*<» C ! 

H> C C. 

! 2V c. ! 

30" C. 

J-jys 

P P m 

p P •» 

Ppm 

ppm 

, PP m - 

t p »*. 

21 

448 

533 

664 

330 

425 

512 

49 

535 

518 

971 

510 

652 

861 


moisture content of 21 per cent, then sieved, and thoroughly mixed. As- 
phalt-painted galvanized containers were tilled with equal weights of the soil 
and then placed in constant-temperature tanks held at 16, 23, and 30° C. 
respectively. At this time the soil contained 60 p.p.m. of nitrates (XO 3 ) in 
the displaced soil solution. The soil in half of the containers at each tempera- 
ture was held at a moisture content of 21 per cent, while in the other half it 
was maintained at 32 per cent. The soil was kept under these several moisture 
and temperature conditions for three weeks, after which it was planted to corn. 
One series under these same conditions was kept fallow for chemical studies, 
in order that the trend of nitrate accumulation might be followed. The nitrate 
content of thefallow soil at the time of planting and harvesting of the corn 
is shown in table 5. 

It is clear that the speed of nitrate accumulation has been greatest in the 
soils which were kept at a low moisture and at the highest temperature, whereas 
the least accumulation occurred where the moisture content was high and the 
temperature low. 
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The response of the corn crop under these moisture and temperature con- 
ditions to an application of potassium chloride at the rate of 450 pounds an 
acre is recorded in table 6. 

It is apparent that moisture and temperature influenced the responsiveness 
of these soils to potash applications. It is of interest to find that the combina- 
tion of moisture and temperature which resulted in the lowest nitrate content 
both at the time of planting and harvesting is the one which gave the greatest 
increase in corn yield for potash fertilization, and that the soil having the 
highest nitrate content at planting and harvest times gave the smallest re- 


TABLE 6 

Influence of potassium chloride upon the weight of corn grown on brown sandy loam from McHenry 
County , at different moisture and temperature conditions 


SOIL 

TEMPERATURE 

WEIGHT OF COIN j 

DIXON SOIL 
CHECK 

21 per cent moisture 

. i 

32 per cent moisture 

None 

KCl | 

None 

KC! 

°C. 

gm. 

em 

gm 

KM. 


16 

0.54 

0 89 ! 

0.55 

1.13 

0.92 

23 

0.77 

1.17 | 

0.78 

1.26 

1.15 

30 

in ; 

1.41 j 

1.08 | 

1.38 1 

! 

1.85 


TABLE 7 


Corn yields on black sandy loam in Cass County 


NO. PLOTS IN 

! SOIL TREATMENT 

! 

COIN YIELDS 

! 

i 

| INCREASE OVER 

AVERAGE 

Kind 

| Rate per acre ; 

i CHECK 

I 

6 

None 

lbs. j 

1 bu. 

28 5 

per cent 

4 

Straw 

6,000 

43.9 

54.0 

3 

KCl 

150 

69.1 

142.4 

3 

KCl 

200 

66.9 

134.7 

4 { 

KCl 

Straw 

150 to 200 
6,000 

| 69.0 

142 1 


sponse to the application of potash salts. It may be concluded that the condi- 
tions which affect the rate of nitrate accumulation also influences the seasonal 
response of crops on these soils. Therefore, comparatively poor corn yields 
may be expected in seasons which favor the accumulation of nitrates. 

FIELD EXPERIMENTS 

Cass County experiment 

In order to be of the greatest value, greenhouse trials should be supplemented 
by field experiments. For that reason, field studies were conducted on four 
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soils in four counties of the state. It seemed desirable in the beginning to 
study in the field a soil that had been used in the greenhouse. Consequently, 
the first field experiment was conducted on the black sandy loam soil in Cass 
County from which the greenhouse soil had previously been obtained. A 
summary of the results is given in table 7. 

Farm practice, particularly cultivation, made it impossible to use the straw 
as a mulch, and hence it was necessary to plow it under. The smaller response 
in the field is attributed to this difference in method of application. The 
results are comparable, however, to the greenhouse results reported in table 
2, where the straw was incorporated in the soil. The difference in response 
brought about by the method of handling straw may be understood when con- 
sideration is given to the fact that two factors are responsible for the increased 
yields. When enough straw to give an adequate supply of potassium for crop 
needs is plowed under, the soil microorganisms are encouraged to such an 
extent that they compete with the corn crop for nitrates. This is shown by 


TABLE 8 

Alfalfa yields on black mixed loam in Winnebago County 


i 

LOT NO. I . 

SOIL TRi.ATMF.Nr 

Kin«l ; 

Rate per acre 

| 

I YIELD PER 
ACRE 

INCREASE OVER CHECK 

i 

j 

h* 

lbs. 

lbs. 

per cent 

i ! 

Muriate of potash I 

160 

1,114 

536 

92.7 

2 j 

Straw j 

4,000 

1,213 

635 

109.9 

j /i 

Straw ; 

4, OCX) 

| 1,241 

578 

663 

, ... 1 

114.7 

i. 

4 ! 

Muriate of potash > 
None 

160 

5 ! 

Muriate of potash 

200 

1,114 i 

j 536 

92.7 


the nitrate nitrogen content of the soil on July 15, at which time the soil with- 
out straw contained 201 pounds an acre in the surface soil and 211 pounds in 
the subsurface, whereas the land with straw contained no determinable amount 
in the surface and only 22.5 pounds to the acre of nitrate nitrogen in the sub- 
surface. When applied as a mulch, however, the amount of organic matter 
made available in proportion to the potassium leached into the soil is relatively 
smaller. Consequently a favorable effect is produced. 

The muriate of potash broadcast at rates of 150 and 200 pounds an acre 
immediately after the corn was planted gave equally good results at both rates. 

Winnebago County experiment 

In spite of the fact that alfalfa makes a better growth than corn on untreated 
alkali soil, definite increases in the yields of alfalfa hay have been obtained in 
Winnebago County from the applications of the same kinds of tertilizer mate- 
rials which have proved effective on alkali soils of the state. The yields of 
alfalfa obtained from one cutting in 192t> are given in table 8. 
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The value of straw and potassium-containing salts for the improvement of 
alkali soil is again demonstrated by this field experiment. Although less than 
one-half as much potassium is applied in the straw as is added in the form of 
potash salts, the gain is apparently somewhat greater. 

M cUenry County experiment 

A field experiment conducted in 1927 on a brown sandy loam on sand in 
McHenry County gave results which are similar to those obtained on the two 
fields previously discussed, A summary of the results is given in table 9. 

It is obvious that all treatments except the superphosphate have had a fa- 
vorable influence upon the yield. The large difference in favor of the hill- 
dropped muriate of potash at the low rate used was somewhat unexpected. 
Laboratory studies, which are reported later, indicate that this difference in 
effectiveness is due to the great capacity for the absorption of salts exhibited 
by this soil. 


TABLE 9 

Corn yields on brown sandy loam on sand in McHenry County 


NO. or PLOTS 

soil TREATMENT 

j CORN YIELDS PER 

| INCREASE PE* ACRE 

| Kind 

Rate per acre 

" J ACRE 

i 

6 

None 

lbs. 

| bu. 

! 5.75 

| bu. 

j 

1 

KCl* j 

75 

1 60.00 

1 54.25 

2 | 

Straw 

6,000 

j 24.80 

j 19.05 

2 

Superphosphate | 

320 

2.50 

' —3.25 

3 

Kdt 1 

100 

| 22.30 

16.55 

2 

Cow manure 

16,000 

| 40.00 

! 34.25 

2 

Horse manure 

16,000 

| 68.50 

62 75 


* Hill-dropped, 
t Broadcast. 


In order to apply the fertilizer broadcast at the same rate per unit area of 
soil as it is applied to the small area surrounding the hill by hill-dropping, 
several thousand pounds an acre would be required. Consequently, where 
the fertilizer is hill-dropped, available potassium remains for the nutrition of the 
corn plant after the absorptive capacity of the soil is satisfied. This condition 
is not attained with the broadcast distribution and as a result much better 
yields result from hill-dropping 75 pounds of potash salts than are obtained by 
broadcasting the material at the rate of 160 pounds an acre. 

For the reasons mentioned, the straw treatment has been less effective than 
the hill-dropped potash salts and practically as effective as the broadcast fer- 
tilizer. Unfortunately, weather conditions prevented the use of straw as a 
mulch, as had originally been planned. Reasons have already been presented 
for the belief that such a method would have been more effective than plowing 
under the straw. 
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The importance of the physiological balance in soils is illustrated by a com- 
parison of the yields from horse and cow manures. Both manures supplied 
available potassium but only the horse manure had the tendency to lower 
nitrate accumulation. This fact is well shown by Allison (1) who found that 
the unfavorable effect of manure on soils containing meager amounts of available 
nitrogen was due to the stimulation of biological activities with the resulting 
nitrate assimilation. In such soils where a lack of available nitrogen was a 
limiting factor, the cow manure was more than 100 per cent better than the 
horse manure for the first crop. For the same reason, the horse manure is 
70 per cent more effective on soil in McHenry County where an excess of 
nitrates is a limiting factor. 

The pronounced effect on crop growth resulting from the application of the 
horse manure is shown in plate 1. 


TABLE 10 

Composition of four typos of snail shells found in Illinois alkali soils 



simple 

! 

CALCIUM 

CALCIUM CARBONATE 

MAGNE- 
SIUM CAR- 

No. 1 

Name* 

" INSOLUBLE ' 
lants 

Calculated 
! from total 
Ca 

Equivalent 

bv 

titration 

BONATE BY 
DIFFER- 
ENCE 

, 


per cent * 

per cent 

’ per cent 

per cent 

per cent 

1 

Polygyra motwdoti (Rackett) 

1 92 

36 4 

j 91.0 

06.8 

\ 4 87 

2 

Ildisoma trivahis (Say) 

0 99 

37.6 

1 94 0 

1 97 4 

2 86 

3 

Physa gyrina (Say) 

1 41 

37.2 

i 93 0 

i 97 5 . 

3.78 

4 

Stiignuola tinrbrosa (Say) 

0 68 

36 5 

. 91.25 

92 9 

1.39 


* Identified by Prof. I". C. Baker. 


LABORATORY INVESTIGATIONS 

Both greenhouse and field experiments showed the importance of two fac- 
tors in limiting the yield of crops on alkali soils. These points have been 
stressed in the discussion of the tests made and even though the evidence seemed 
conclusive, it appeared desirable to establish the correctness or fallacy of 
these conclusions by laboratory investigations. 

Composition of snail shells 

Previous investigators had attributed the toxicity of these soils to the pres- 
ence of magnesium carbonate, although they state that considerable amounts 
of calcium carbonate accompany this constituent. Since shells are so common 
in these soils, a determination of the calcium and magnesium content of shells 
which appear to be typical seemed worth while. Table 10 gives the compari- 
son of four representative lots. 

In the light of the more recent information upon the subject of the calcium/ 
magnesium ratio in its relation to crop production, these data lend little support 
to the belief that magnesium toxicity is a factor contributing »o the unpro- 
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ductiveness of these soils, especially if the shells furnish any considerable part 
of the total amount of these elements contained in the soil. 

Composition of three alkali soils 

Further data bearing on this relationship are given in table 11, which shows 
the percentage of nitrogen, calcium, magnesium, and potassium in three alkali 
soils. 

The ratio of calcium to magnesium varies from 2.7:1 to 15:1, ratios which 
contain considerably more calcium than the proponents of the calcium/mag- 
nesium ratio theory considered necessary' to prevent the toxicity of magnesium 
carbonate. 

These analytical data are also in accord with the statement made in the 
introduction that these soils are high in nitrogen and usually alkaline in reac- 
tion. The deep peat soil from Cass County is an exception to the latter rule, 
but it is unusually high in nitrogen and somewhat low in potassium. Conse- 
quently, it gives striking increases in crop yield when either straw or potash 


TABLE 11 

Chemical composition of three Illinois alkali soils 


COUNTY 

NITROGEN 

CALCIUM 

UAC.NE* 1 
SI I'M 1 

i 

POTASSIUM 

l 

i 

| REACTION 

t 

McHenry 

per cent 

0.398 
1.790 
0.465 I 

per cent 

0.85 

1.45 

5.45 

per cent 

0.320 

0 301 

0 346 

per cent 

0.774 

0 755 
l 0.839 

! pa 

7 30 
5,45 

8 35 

Cass I 

Cass II 



salts are applied (table 3). None of these soils can be said to be actually de- 
ficient in total potassium, however, for they contain, on the average, one-half 
as much of this element as the usual productive corn-belt soils. Apparently 
their responsiveness to potash treatment is due to a condition causing a low 
availability, or to a factor increasing the need of available potassium, or to 
both. Analyses of other soils of a similar character have given results much 
like those just discussed. 

Availability of soil potassium 

Mclntire (14), Plummer (15), Ehrenberg (8), and others have called attention 
to the fact that the availability of soil potassium is lowered by the presence 
of calcium carbonate. Ehrenberg has gone so far as to formulate a lime- 
potash law and warns against the application of large quantities of limestone. 
He states that any unfavorable condition resulting from liming may be coun- 
teracted by side-dressings of potash salts. Since the alkali soils in Illinois are 
well supplied with carbonates, it appeared quite probable that the low crop 
yields resulted at least in part from a lack of available potassium. Conse- 
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quently, tests were made to determine whether this was the case. Of the 
methods designed for the estimation of availability, two were used; namely, 
determinations of the potassium concentration in the displaced soil solution (4), 
and the determination of potassium replaced by a neutral salt. These two 
methods, which are assumed to show immediate and potential availability, 
should give results which are indicative of the condition of the soil potash so 
far as its usefulness for crop growth is concerned. 

Soils ordinarily contain from 20 to 100 p.p.m, of potassium in the displaced 
solution. Burd (3) found that three sandy loam soils which he studied con- 
tained 26, 49, and 78 p.p.m. respectively. In contrast to this, the displaced 
solution from the McHenry County soil contained less than 1 p.p.m. of po- 
tassium. It is apparent, therefore, that but little potassium exists in this soil 
in a readily soluble form. Similar results were obtained with other alkali 
soils and in no case were there more than 8 p.p.m. of potassium found in the 
displaced solution, and that in one of the more productive of the alkali soils. 

Evidence of low availability was found also in the small quantity of replace- 
able potassium in the McHenry County soil. Only 46 p.p.m. was found in 
this soil, whereas Yandecaveye (17) reports the presence of 182 p.p.m. of re- 
placeable potassium in untreated Carrington loam in Iowa. Unpublished 
results from the Ohio station indicate a somewhat similar amount of re- 
placeable jxUassium in productive soils in that state. Since this McHenry 
County soil is very low* in both water-soluble and replaceable potassium, it 
is not surprising that it is so highly responsive to fertilizers containing this 
essential element. 


Absorption of potash salts 

Although the preceding observations explain the responsiveness of these 
soils to potash fertilization, they do not furnish the reason for the greater 
effectiveness of hill-dropped salts, particularly since the acre-rate of application 
w*as less than one-half as high as in the broadcast method. There yet remains 
the possibility that the same condition contributing to the low availability of 
the native soil jxdassium may also render applied potash salts unavailable. 

In order to determine whether this situation obtained and to ascertain what 
factors were involved if it did exist, live 4-kilo samples of the soil were used in 
an experiment in which four different amounts of potassium chloride were 
added to four of the samples, the fifth sample being retained as a check. After 
thorough mixing, the soils w'ere maintained at approximately 60 per cent of 
their water-holding capacity. Three samples of each of the live soils w'ere 
then used for the following determinations: 

Sample 1 (a) Water-soluble potassium not fixed by the soil. 

(b) Water-soluble calcium replaced by the potassium chlo.ide. 

Sample 2 (a) Potassium exchangeable with 0.1 N BaCh. 

Sample 3 (a) Potassium content of the soil solution. 
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The first sample remained for one week in the moist condition and then was 
leached with distilled water until the percolate was free from soluble calcium. 
The potassium and calcium contents of the leachings were then determined 
and the amount of potassium converted into a non-leachable form was ascer- 
tained by difference. 

Obviously this soil has a great capacity for the absorption of salts because 
less than 3 per cent of the potassium applied as the chloride remained in a 
soluble form, even when the rate of application was as high as 600 pounds 
an acre (table 12). Apparently the potash salt is so completely absorbed 
when broadcast at the rate of 160 pounds an acre that little remains in a soluble 
form for the nutrition of the plant. 

These data also explain another observed phenomenon, namely, the negli- 
gible residual effect of potash salts on these soils, which necessitates repeated 
applications. This fact has been explained ordinarily by the statement that 
any residual fertilizer material is largely leached out between cropping seasons. 

TABLE 12 


Absorption of potassium chloride by brown sandy loam from McHenry County 


TBEATMENT 

KATE OF APPLICATION 

POT VSMl'M LEACHED 

AMOVNT OF 

AUDFP K 

NO. 

K per kgm. 

KC1 per acre 

Total 

; A-Me-l 

Recovered j 

AW!*. 1 . 


gm. 

ibs. 


; 

p<r tent j 

prr (tnl 

0 

1 

0.0394 



150 

0.004 

0.0051 

f 

j 0.0011 

, 

2.79 ; 

97.21 

2 

0.0788 

300 

0 0051 

0 001 1 

1 40 

98 60 

3 

0.1576 ! 

600 

! 0 0084 

j 0 0044 

2 79 i 

97 21 

4 

0.3152 | 

1,200 i 

0 0296 

1 0 0256 

8 12 

91.88 


This appeared reasonable since many of the soils are sandy loams. It now 
appears more likely that repeated applications are necessary on account of 
fixation rather than leaching. ' 

Whenever a soluble salt is added to a soil, an equilibrium is established be- 
tween the added ions and the soil constituents. Recent investigations by 
Hissink (10), Gedroiz (9), Kelly (12), and other workers have shown that the 
colloidal portions of the soil have an important rdle in this reaction. According 
to their findings, the potassium ion would be expected to replace other positive 
ions in the colloidal complex and could in turn be replaced by some other ions, 
and, in this replaceable condition, the potassium is assumed to be potentially 
available. 

Since both field and laboratory investigations gave evidence that added 
potash salts are changed into unavailable forms, it seemed desirable to deter- 
mine what proportion had been absorbed as a part of the colloidal complex. 
Sample 2 was used for this purpose, BaCl* being used as the displacing agent 
(5). The amounts of water-souble calcium released by the potassium chloride 



NITRATES AND CROP RESPONSE TO POTASH 


341 


applications as determined in sample 1 are compared with the exchangeable 
potassium found from an analysis of sample 2. 

These data indicate that from 50 to 70 per cent of the potossium applied 
as chloride has been used in releasing calcium ions, the amount depending 
upon the concentration of chloride used, and that with the exception of the 
largest application, not only a large total amount of calcium was released with 
the increasing rate of application but also an amount greater in proportion to 
the potassium added. On the other hand, excepting the highest rate of ap- 
plication, a progressively smaller percentage of potassium is absorbed in a 


TAHLE 13 

Effect of potassium chloride additions upon water-soluble calcium and replaceable potassium in 
brawn sandy loam from McHenry County 


TREATMFNT 

NO. 

K r IXF.I) BY 
SOIL* 

WATK.B-VOLUBLE 
Ca RF PLACED 
BY KCI 

! 

j ABSORBED K 
i UTILIZED IN 
,r a REPLACE KENT 

K REPLACEABLE BY 0 l.V BaOs 

Absorbed 

Total 


gm 

cm 

per cent 

per cent 

p p.m. 

0 


1 

\ 


46.0 

1 

0.0383 

; 0 0102 

! 51.9 1 

\ 74.0 

! 74.4 

2 

0 0777 

! 0.0252 

63.3 

48.0 

82 4 

3 

0 1532 

i 0.0566 

72 0 

! 27.4 

88.0 

4 

! 0 28% 

' 0.0080 

66 0 

29.3 

130.8 


* Calculated from columns II and VII of table 12. 


TAHLE 14 

Analyses of displaced solution from brown satuly loam previously treated with potassium chloride 

at various rates 


TRE VTMENT NO. 

K YDDLD PER ACRE 

j K CONTENT OF DISPLACED SOLUTION 


ib\ 

j ppm. 

0 

0 

j 0.16 

1 

150 

j 0.20 

2 

300 

i 0.16 

3 

600 

0.72 

4 

1,200 

3.40 


replaceable form as the concentration of applied salts increases. Unlike soils 
which are neutral or acidic in reaction, here is a condition wherein only small 
portions of adsorbed salts can be recovered by leaching with other neutral 
salts. 

Composition of displaced s*»/7 solution 

A third portion of each of the soils receiving the potassium chloride appli- 
cation was used in determining the potassium content of the displaced solution. 
They were allowed to stand at approximately 60 per cent of their water-holding 
capacity for 21 days in order to establish a condition of equilibrium. A dis- 
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placement with water was then made and the solution analyzed with the 
following results. 

A comparison of tables 13 and 14 shows that a close relationship exists be- 
tween the replaceable potassium and the amount of this element in the dis- 
placed solution. It is significant that this soil, on which corn showed compara- 
tively little response to an application of 160 pounds of muriate of potash 
under field conditions, shows little change in the soil solution with small appli- 
cations of potassium salts, and that even when applied at a high rate, the 
amount in the soil solution is much less than most soils contain. 

In addition to the low available potassium content, the importance of a 
high soil nitrate-nitrogen content in limiting crop yields has been mentioned. 
Table 5 shows that this soil not only produces nitrates, but that they are 
formed rapidly, going from 60 p. p. m. to 971 p. p. m. in a period of 49 days. 
In fact, a large part of the soluble salts which appear on the surface of the soil 
as a whitish deposit is composed of calcium nitrate and sulfate. The nitrate 
gives to the soil a characteristic brownish appearance, whereas the sulfate is 


TABLE 15 

Composition of displaced soil solution of three alkali soils 


COUNTY 


McHenry. . . 

McLean 

Rock Island 


ION CONCENTRATION Or DISPLACED SOLUTION 

MOISTURE! 

! CONTENT : ; 

j ! Ca i SO* i NOi i Mg I K. ! PO* ; Al 

, ! j i j ; 

ptr ctni *p p.m. p p.m. ; ppm { Ppm , p.p m ; ppm j p p m. 

22 .0 ; 160. 0 1 48.0; 440 0 : 48 0 | 0 10 j 0 (H ! Trace 

! 31 0 i 300 0 1.35.0; 910 0 19 0 ' 8 00 : 0 10 I Trace 

! 22.8 j 578 0 1 ,040,0.1 ,532 0; .... ! 0 i 0.03 j Trace 


distinctly white. Analyses showed that the displaced solution from two of 
these soils contained 45 and 53 per cent respectively of the total solids in the 
form of calcium nitrate, the remainder being composed of a combination of 
calcium, sulfate, magnesium, and sodium ions with traces of other elements. 
The distribution of the more important ions in three other typical alkali soils 
is given in table 15. 

It is apparent from these results, which have been confirmed by numerous 
other analyses, that these soils furnish a displaced solution which is low in 
potassium and phosphate and correspondingly high in calcium, nitrate, and 
sulfate ions. It should be stated that the first two ions are found in fairly 
constant amounts, whereas the three latter vary from time to time, depending 
upon their removal by leaching, utilization by higher or lower plants, and 
accumulation as a result of nitrification. The latter statement is based upon 
the fact that sulfate and calcium solubility is greatly affected by the process 
of nitrate formation. 
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GENERAL DISCUSSION OF RESULTS 

The laboratory, greenhouse, and field results indicate that the unproductive- 
ness of the alkali soils of Illinois is not due to a single condition but to a com- 
bination of factors. Chief among these is a lack of available potassium and 
a concentration of nitrate nitrogen which is harmful. The toxicity of the ni- 
trate nitrogen is not due solely to the presence of the nitrates, but results from 
an accumulation of these salts in the absence of available potassium. This 
assumes that a favorable physiological balance is desirable, particularly with 
reference to potassium and nitrate nitrogen. 

The data presented show that these soils in general are not markedly defi- 
cient in total potassium but that they are lacking in an available supply of this 
element, as judged by the potassium content of the displaced soil solution, by 
replaceable potassium, by the effect of applied potash salts upon the crop yields, 
and by the absorption of applied potassium in non-replaceable combination. 
The investigations of several workers have shown that the availability of this 
element is lowered by liming, consequently it appears highly probable that the 
deficiency of usuable potassium is the result of the high carbonate content. 
The fact that the crop yields on an acid peaty soil were unfavorably influenced 
by a 50-ton application of high calcium limestone further substantiates this 
idea. Evidence that nitrate accumulations are also to be considered as an 
unfavorable factor is found in the following observations.: 

Applications of straw as a mulch have a much more pronounced benefit upon crop yields 
than an amount of potash salts containing an equivalent quantity of the element potassium. 

The immediate effect of straw is beneficial, whereas sweet clover has little favorable influ- 
ence, in spite of the fact that it contains potassium. That sweet clover has a positive influ- 
ence ujxm nitrate accumulation whereas straw has a negative effect, has been well established 
by other investigators. 

Straw ashes are less beneficial than the unburned straw when it is used as a mulch, whereas 
the sweet clover ashes are fully as effective as the unburned sweet clover. Such a result is 
in accord with the idea that the difference between these two materials for improvement of 
alkali soils depends upon their effect upon nitrate accumulation. Consequently, it is doubt- 
ful whether the use of sweet clover can be depended upon for the immediate improvement of 
these soils, except perhaps where they possess a day subsoil from which potassium may be 
extracted in relatively large amounts. Its effectiveness would be limited by the fact that 
nitrate accumulation induced by the decaying sw f eet clover would offset to a large extent any 
favorable influence that might be exerted by the potassium rendered available through the 
grooving and subsequent death of the plant. 

Since sweet clover makes a rank growth on many of the alkali soils writhout potash applica- 
tion, it is apparent that the potassium contained in the soil is not completely unavailable; in 
fact, Russell ( 16 ) states “that clovers have less capacity for absorbing potassium from the 
soil solution than the grasses.” Inasmuch as this crop uses relatively large quantities of 
nitrogen in proportion to the potassium requirement, it seems probable that these soils would 
furnish a more favorable environment for this than for other crops requiring more potassium 
and less nitrogen. 

Horse manure is much more valuable than cow manure for improving this kind of land. Other 
investigators have found that horse manure lowers nitrate accumulations, whereas cow manure 
tends to increase them. Consequently, the latter is superior for soils havmg a deficiency of 
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available nitrogen, particularly for the first crop. It is for the same reason that the horse 
manure is more effective on these soils than cow manure. 

These soils contain large amounts of calcium nitrate, which is easily removed by leaching 
but which quickly reappears as a result of nitrification. 

One Bureau County soil produced more than 600 p.p.m. of nitrate nitrogen 
as measured in the displaced solution in a period of seven days. Obviously, 
adequate drainage will not bring about the permanent removal of the soluble 
salts except as it encourages more rapid decay of the easily oxidizable organic 
matter. Good drainage is desirable, however, for other reasons and when 
accompanied by the use of non-nitrogenous organic matter, and the applica- 
tion of potash salts is indispensable for permanent improvement of these lands. 

SUMMARY 

The unproductivity of numerous areas of land in the northern half of Illinois 
is caused, not by a single condition, but is the resultant of two factors; namely, 
low availability of potassium and an excessive amount of nitrate nitrogen. 

The low availability of potassium on most of these soils is due to an alkaline 
reaction rather than to a marked deficiency of this element. 

The value of straw for improving the crop-producing capacity of the soils 
is attributed in part to the potassium which it contains. In addition, the 
crop is favored by a lowering of the nitrate nitrogen content of the soil resulting 
from the straw application. This explains the greater efficiency of unburned 
straw compared to its ashes in increasing yields. 

For the same reason, horse manure is more valuable than cow manure on 
these soils, whereas the opposite condition obtains on soils in which a deficiency 
of available nitrogen is a limiting factor. 

A favorable physiological balance in the soil is desirable, particularly with 
respect to potassium and nitrate nitrogen. 
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PLATE 1 

Effect of Horse Manure on Corn Crop Grown on a Brown Sandy Loam on Sand tn 

McHenry County 

FIg. 1. Horse manure plowed under at rate of 8 tons an acre previous to planting corn. 

Fig. 2. No soil treatment. 
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That a portion of the metallic elements and of the hydrogen present in soils is capable, 
under suitable circumstances, of passing into the ionic state and entering into double decom- 
position with the cations of salts has been established by many investigators. The ions, 
called for this reason ‘‘exchangeable ions,” found in appreciable quantities in the vast ma- 
jority of agricultural soils are six; namely, hydrogen, sodium, potassium, ammonium, mag- 
nesium, and calcium. Two others, iron and aluminium, are frequently, but not invariably, 
present. The extent to which ionization can proceed appears limited to a fairly well-defined 
value, largely dependent on the soil content of inorganic and organic colloidal material. 
This value, denoted by tbe term “saturation capacity,” varies from soil to soil, but is inde- 
pendent of the proportions in which the various ions occur (8). 

The investigations of Gedroiz, Hissink, and others have demonstrated that the numerical 
relationship which exists between the ions is nevertheless of extreme importance, in that upon 
it the physico-chemical properties and the field behavior of the soil largely depend. Each 
positive ion, when associated with the colloidal complex of the soil, appears to form a com- 
pound with unique characteristics, and if present in preponderating amounts, impresses its 
ndividual peculiarities on the soil as a whole. Sodium and hydrogen ions, for example, 
accentuate the hydrophilic nature of the colloidal material, thereby emphasising its tendency 
to exist in a dispersed, dcflocculatcd condition when moist and to compact to a cemented 
mass when dry (5, 7, 17, 30). Ammonium, potassium, and magnesium ions appear to exert 
a similar but decreasingly marked effect (7, 30). Calcium, iron, and aluminium ions render 
die colloidal material, by comparison, hydrophobic, and modify its properties to more desirable 
proportions (7, 17, 30). 

The data which have been accumulated show that under normal circumstances in humid 
regions die soil content of exchangeable sodium, potassium, magnesium, iron, and aluminium 
is, as a rule, so small that the ions can exert but a minor influence on Soil behavior. The 
investigations of McLean and Robinson (25) demonstrate that ammonium ions rarely occur 
in sufficient quantity to possess an appreciable effect. There is abundant evidence that 
exchangeable calcium usually exists in significant amounts, which may exceed 1 per cent of 
the total weight of the air-dry soil. Information with regard to the hydrogen ion is less 
definite and somewhat contradictory. Gedroiz found that although many “base unsaturated” 
Russian soils contained but small amounts (10), there was present in others the equivalent 
of 0.50 per cent calcium (9). From the earlier data of Joffe and McLean (21) it appears 
that in no case were more than 4.5 mgm. E. present in the soils they examined. Corre- 
spondingly low values were obtained by Kelley and Brown (24). The researches of Hissink 
(17), Gehring, Peggau, and Wehrmann (11), Osugi and Sano (28), and others, and the later 
investigations of Joffe and McLean (22), however, indicate that exchangeable hydrogen 
normally occurs in relatively considerable extent. The work of Bradfield (3), which suggests 
that complete saturation of clays with bases occurs only when a pH value of 10 or 11 is at- 
tained, lends indirect support to this view. If such is the case, hydrogen and calcium 
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together account for by far the greater majority of the exchangeable ions of the soils of humid 
climates, and upon the relative proportions of these two ions, and possibly also upon their 
absolute amounts, the properties of the soils will mainly depend. 

The significance of the ratio of hydrogen ions to calcium ions has been realized by many 
workers, but comparatively few adequate attempts have been made to correlate it with either 
the behavior of the soil or its need for lime, probably because of the difficulties which under- 
lie the accurate determination of the exchangeable hydrogen. To these difficulties the con- 
fusion which exists with regard to the soil content of ionizable hydrogen appears mainly to 
be due. 

Hissink (16) at first avoided them by expressing the calcium ion (together with the other 
metallic ions) as a ratio of the clay and very fine silt, which he assumed to be a measure 
of the soil colloidal material and therefore of its saturation capacity. By means of such 
ratio values, soils in poor and in good condition can be distinguished, even though they 
differ widely in type and capacity for ion exchange (35). This method, however, is not suffi- 
ciently precise to reflect the gradation in soil properties caused by a relatively small change 
in ion content, unless the soils are otherwise very uniform in character. Later Hissink (17) 
determined the replaceable hydrogen by measuring the distribution of barium ions between 
varying amounts of decinormal barium hydroxide solution and a constant weight of soil. 
The results obtained were approximate, but the ratios they bore to the sum of the equivalents 
of the exchangeable ions present enabled him to differentiate between new, medium, and old 
soils of Holland. 

The second method of Hissink has been subjected to much criticism on the following and 
other (34) grounds: (a) that side reactions may occur between the barium hydroxide solution 
and the soil, and that, consequently, an overestimation is made of the replaceable hydrogen 
present (24, 32); and ( b ) that alkaline soils of pH 9.2 to 10.2 give results by his titration proc- 
ess which indicate the occurrence of considerable amounts of replaceable hydrogen, whereas 
by his alternative conductometric method the same soils appear to be fully saturated with 
bases (32). 

Gehring, Peggau, and Wehrmann (11) have shown that the ratio of exchangeable cal- 
cium to saturation capacity is related to the lime requirement of the soil and to the 
increase in crop yield following requisite liming. They determined saturation capacity by 
treating the soil with a saturated solution of calcium hydroxide, followed by heating to 
60°C. After standing for 24 hours the soil suspension was saturated with carbon dioxide to 
precipitate the excess calcium hydroxide, and thoroughly boiled to decompose any calcium 
bicarbonate formed. The soil was then leached to two liters with normal sodium chloride 
solution, and its content of exchangeable calcium determined according to the method of 
Hissink. This procedure is open to objection because of the somewhat drastic treatment 
to which the soil is exposed. The inorganic and organic colloidal components of the soil are 
extremely reactive in character, and are readily subject to dccomjwsition. Thorough boil- 
ing, therefore, may affect appreciably their capacity for ion exchange. 

The ideas underlying the investigations of Hissink and of Gehring, Peggau 
and Wehrmann, in view of their extreme practical importance, merit wider 
application, and have been extended to the examination of soils of Trinidad. 
In view, however, of the objections made to their technique, alternative 
methods have been used. The work has been confined to the measurement of 
the ionizable hydrogen and calcium present in the soil, but a critical study has 
been made of the measures adopted, in order, if possible, to place the experi- 
mental procedure or a more firmly established basis. 
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Part I. — Measurement of the State of Unsaturation 

DETERMINATION OF EXCHANGEABLE HYDROGEN AND CALCIUM 

Joffe and McLean (21) and others have measured the exchangeable hydrogen 
present in soils by leaching them with neutral salt solution until the filtrates 
were no longer acid or contained no traces of calcium, and by titrating the 
extracts. Exact results are not given by such methods, for they involve the 
titration of small amounts of hydrogen ion in large volumes of solution. Page 
and Williams (29) overcame this difficulty by mixing the soil with calcium 
carbonate prior to leaching with sodium chloride solution. The hydrogen ions 
removed then interact with the carbonate, and an equivalent amount of cal- 
cium, which can be measured with precision, passes into solution. The 
method of Page and Williams, with some modifications, has been used in the 
present investigations. 


Standard procedure adopted 


The soils were air-dried and representative 25-gm. samples were intimately 
mixed with calcium carbonate, well moistened, treated with 100 cc. hot N 
XaCl, allowed to stand for some days, and then leached to two liters with this 
reagent. After the necessary correction was made for the calcium carbonate 
dissolved by, and originally present in, the leaching agent (0.038 gm., when 
expressed as calcium oxide, to the liter, \ the total calcium passing into solution 
in the two liters was taken as a measure of the sum of the exchangeable hy- 
drogen and calcium present in the soil sample. A discussion and fuller descrip- 
tion of the method have been given in a previous paper (34). 

The value thus obtained is an approximation to the total capacity of the soil 
for ion exchange, and for convenience is in future referred to as the saturation 
capacity (T). The soil content of exchangeable calcium ( S ) was separately 
estimated by the standard method of Hissink (16), and the replaced hydrogen, 
or, alternatively, the saturation deficit of the soil for calcium ions (T-5), was 
determined by difference. The ratio of exchangeable hydrogen to exchange- 


able calcium is expressed indirectly by means of the quotient 


100 (T-5) 
T 


This 


ratio is termed, in accordance with current usage, “the degree of unsaturation 
of the soil with respect to calcium ions.” 

The procedure described for the determination of the exchangeable hydrogen 
and calcium together appears free from a main defect of the second method of 
Hissink (17) in that hydroxyl ions in high concentration are not brought into 
contact with the soil. It does not possess the disadvantage which charac- 
terises the technique of Bobko and Askinasi (2), Kelley and Brown (24), and 
Joffe and McLean (22). These workers replaced the ions originally present 
in the soil by those of one kind, removing all traces of the salt solution used by 
leaching with water. The protracted washing necessary may cause loss of the 
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replacing ion through solution of humates and hydrolysis. Further, it appears 
preferable to the method of Gehring, Peggau, and Wehrmann (11) in that, 
except for the initial use of hot sodium chloride, which can have but little 
heating effect upon the soil particles, the whole process is performed at normal 
temperature. 


RELIABILITY OF THE METHOD 
Effect of errors due to subsampling and technique 

With methods of the type adopted it appears advisable to determine the 
extent to which the data obtained for the particular subsample examined are 
representative of the bulk sample from which it is taken, and also the extent to 
which they are affected by such deviations from a constant technique as may 
occur. Both possibilities of error are of particular importance in the deter- 
mination of saturation deficit, which is not only measured by difference, but 
frequently possesses a small value. An endeavor therefore has been made to 
find the magnitude of the variations which may occur in the processes used. 
Three soils, each belonging to a different type, all of high saturation capacity, 
but containing approximately 0.1, 0.4, and 0.9 per cent exchangeable calcium, 
respectively, were selected for the purpose. 

From the bulk samples of each of these soils six representative samples were 
obtained by the normal method. Three were leached to one liter for the 
determination of exchangeable calcium, and three, after the necessary pre- 
liminary treatment, were leached to two liters according to the standard pro- 
cedure adopted for the measurement of saturation capacity. By determination 
of the calcium present in aliquot portions of each of the filtrates, two separate 
estimates (a and b, table 1) of the total calcium present in each liter were 
obtained. The estimation procedure followed was identical with that normally 
used in routine investigations. The data obtained for each soil were pooled 
(6) and the net standard deviations due to technique and subsampling, and the 
observed standard deviations, of the values obtained for its content of ex- 
changeable calcium, its saturation capacity, saturation deficit, and degree of 
unsaturation were calculated. They are recorded in table 1. 

The net standard deviations due to errors in technique of the values obtained 
for the contents of exchangeable calcium and the saturation capacities of the 
three soils examined are so small that they are negligible. They afford an 
excellent demonstration of the precision with which measurements of ex- 
changeable calcium can be made by the method of Hissink (16) and of 
exchangeable calcium and hydrogen, together, by the modified method of 
Page and Williams, whether the quantities estimated are large or small. The 
net standard deviations due to errors in subsampling in the determination of 
exchangeable calcium (0.001 per cent CaO) are also very small, but in the case 
of saturation capacity they may attain a value of 0.012 per cent CaO. In both 
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determinations the errors due to subsampling are much larger than the errors 
due to technique, indicating that a closer estimate of the contents of exchange- 
able calcium and of saturation capacities of bulk samples could be obtained, 
with the same number of analytical measurements, by ignoring the errors due 

TABLE 1 

Errors due to subsampling and technique in determination of exchangeable calcium , saturation 
capacity , saturation deficit , and degree of unsaturation 


NET STANDARD 


DETERMINATION 


Exchangeable 

calcium 


(I) (II) (HI) 

per per per 

cent cent cent 

0.1120.1090.111 
0. 112;0.1100. lli; 


MEAN 

DEVIATION DUE TO 

OBSERVED 

STANDARD 

OF ALL 

Sub- 

sampling 

Tech- 

nique 

DEVIA- 

TION 

per cent 

per cent 

per cent 

Per cent 


lo.ooi 

0.0003 

0.001 

0.111 

) j 




c , | (a) 0.9060.929,0 924 1. 

Saturation ! (b) 0 905 0 929*0 925 j 

capacity [ Mean 0.906 0.929‘o. 925 0.920| . 

Saturation deficit L. . .j 0.809j 

Degree of unsaturation j . . . j 87.9 


0.012 | 0.0003 0.012 1.3 


.012 1.5 

.77 2.0 


Exchangeable 

calcium 


(a) 0.3740 371 0 374 L M n nnnA n 

(b) 0.3740.37.V0 373 !/ 0 001 0 0006 ° 

[Mean 0.3740.372 0.374 0.373j 


001 0.28 


Saturation I ^ 

capacity j ^ 

Saturation deficit 


0 8350.8360 838 . 
0,835 0 mo 838* 


0.001 0.00001 0.0015 0.18 


Mean 0 835j0. 836 0.838; 0.8361 

t 1 1 ....I 0.463 


(\ Degree of unsaturation I ' j55. 4 


.002 0.39 

.243 0.44 


Exchangeable 

calcium 


(a) JO. 9070 910 0.908 J 

(b) lo 907*0 , 909 0.908 |j 

Mean 0. 907*0. 910 0.908* 0.908j 


0.001 0 0003! 0.001 0.14 


Saturation 

capacity 


f (a) |l 160,1. 1661.150: j\ 

'{(b) Jl.lfiOjl. 170,1. 148; ;/ 

[Mean jl . 160 1 . 168 1 . 149, 1.159; 


0 009 0.001 


Saturation deficit I | 0.25 

Degree of unsaturation i 20 0 


010 0 82 


010 3.82 

85 4.25 


* A description of these soil types is given later in this paper. 


to technique and making single analyses of the filtrates from double the 
number of subsamples. The observed standard deviations of the values for 
exchangeable calcium and saturation capacity in no case exceed 1*5 per cent 
when measured as percentages of the means. 

The observed standard deviation recorded in table \ for the saturation deficit 
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of each soil was calculated indirectly from the corresponding deviations for 
exchangeable calcium and saturation capacity. That for the degree of un- 
saturation was similarly obtained from the observed standard deviations of the 
saturation deficit and saturation capacity. The small variations which occur 
in the values for exchangeable calcium render the observed standard deviations 
for the saturation deficit but little larger than those for the corresponding 
saturation capacities. Neither the observed deviations for the saturation 
deficit nor the degree of unsaturation attain a value equal to 5 per cent of the 
mean, even when the saturation deficit and degree of unsaturation are as small 
as 0.25 per cent CaO and 20 per cent, respectively. 

It appears from the data in table 1, therefore, that the mean values obtained 
by the standard procedure used, for exchangeable calcium, saturation capacity, 
saturation deficit, and degree of unsaturation, from duplicate estimations on a 
single subsample, give a sufficiently close approximation to those which would 
be obtained by the examination of a number of subsamples by this pro- 
cedure, for most purposes of soil differentiation and characterization, but 
that when the significance of small differences is in question, three or more 
subsamples should be examined. The measurements obtained from a single 
subsample appear adequate for the investigations later described in this paper. 

Effect of continued leaching on the values obtained 

It is questionable whether leaching processes, as a class, displace from the 
soil all the hydrogen which can pass into the ionic form. Evidence of incom- 
plete replacement by the modified method of Page and Williams has already 
been obtained (34). Further indications to the same effect are given by the 
pH values of the sodium clays 1 formed by the use of this method in determining 
the saturation capacities of the soils described in Part III of this paper. These 
values are recorded in column 4 of tables 3, 4, and 5. All of them lie between 
pH 7.70 and pH 8.37, a range which is much less alkaline in reaction than that 
obtained by Bradfield (3) for , base-saturated soils. For these reasons an 
estimation has been made of the relative extent to which replacement of the 
ionizable hydrogen is limited by restricting the leaching process to two liters, 
and of the effect which partial replacement may exert upon the values for 
saturation capacity, saturation deficit, and degree of unsaturation when used 
for the purpose of soil differentiation and characterization. 

Three soils, of high, medium, and low ionic capacity, respectively, the 
exchangeable calcium content of which had previously been determined, were 
selected from the various types later examined, and were leached to five 
liters with normal sodium chloride. With these soils certain modifications 
were introduced into the procedure used. After the soils were mixed with 

1 Previous to the determination of their pH values, these clays were not washed free from 
the sodium chloride solution used in their preparation. The sodium chloride present may 
repress the ionization of the sodium clays, thereby reducing their pH values. 
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calcium carbonate, treated with 100 cc. of hot salt solution, and allowed to 
stand, they were stirred, left to settle, and decanted 10 times with 50 cc. of 
cold salt solution previous to filtration. Instead of allowing them to remain 
in the funnels throughout the leaching process, they were removed to beakers 
after each separate liter had run through, stirred, and decanted 10 times as 
before, and then retransferred to funnels. The preliminary treatments of each 
soil, the decanting and leaching processes, and the subsequent analytical 
operations were performed side by side, in order that the data obtained for 
these soils should be strictly comparable. The calcium present in each liter 

TABLE 2 

Effect of continued leaching in determination of saturation capacity, saturation deficit , and degree 

of unsaturation 


(a) Saturation capacity and saturation deficit 


SOIL 

TYPE* 


EX- 

CHANGE- 

ABLE 

Ca 


Liter 

1 


AMOUNT EXTRACTED BY 


SATURATION j SATURATION 
CAPACITY DEFICIT 


Liter i Liter 
II 1 III 

I 


Liter 

IV 


Calculated from 


Liter ; 
V ; 


1st 21 

1st 51 

| 1st 21 

! 1st 51 

(T*) 

(r») 

I ( TVS ) 

! (TVS) 


RATIO VALUES 


II h± 

Tt TVS’ 


F 

G 

B 


Gm. CaO per 100 Km air-dry soil | 

1 

0.069|o.l4l!o 024! 0.014 1 0 008 0 001 0 165 1 0.18s! 0.096 1 0.119- 0.88 

0.222 0. 596 0. 118 0 064^ 0.044 0 044 0.714, 0.866| 0.492. 0.644! 0.82 

0.315j0. 7320. 122! 0 080 0 062 0 058 0.854; 1.054i 0.539! 0.739; 0.81 


0.81 

0.76 

0.73 


(b) Degree of unsaturation 


DEGREE or UNSATURATION 1 PER CENT) CALCULATED FROM | RATIO VALUES 


SOIL TYPE 

Liter 1 

U. 

1st 21 

u* 

1st >i | 

"i!' 

1 

l«t 51 ! 

L'» ! 

1 Vi ! 

i 6', 

Vt 

Vt 

Vt 

r» 

U 4 
| L\ 

F 

51.1 

58.2 

61.5 ! 

! 63.1 

63 3 

0.81 

0.92 

0.97 

1.00 

G 

62 8 

68 9 

71 5 

! 73.0 

74.4 

0 84 

0.93 I 

0.96 

0.98 

B 

57.0 i 

; 

63.1 

66.3 

68 4 

70.1 

| 0 81 

j 0.90 

0.95 

0.98 


• A description of these soil types is given later in this paper. 


of filtrate was determined in duplicate. As the amount of calcium carbonate 
dissolved was found to be unaltered by the modifications introduced, the 
customary adjustments were made, for each of the five liters, for its solubility- 
in the leaching agent. The corrected mean values obtained are given in 
table 2. To avoid confusion the amounts of calcium passing into solution 
through exchange reactions with the soil in two liters and five liters are for the 
time being termed the “apparent” and “proximate” saturation capacities, 
respectively. The corresponding saturation deficits and degrees of saturation 
are similarly designated. 

The data in table 2 show that far larger amounts of hydrogen are replaced 
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by the first liter of filtrate than by each subsequent liter; that fairly large 
quantities are extracted by the second liter; and that significant amounts may 
be removed by the third, fourth, and fifth liters. The amounts displaced by 
liters III, IV and V from the soil of low saturation capacity (0.014, 0.008, and 
0.001 per cent CaO respectively,) are small. They demonstrate that ion 
exchange in this soil is, for practical purposes, complete when five liters of 
filtrate have been obtained ; and they confirm, to some extent, the validity of the 
correction used for the solubility of calcium carbonate in the leaching agent. 
The quantities present in liters III, IV, and V together, become increasingly 
important, however, as the degree of colloidality of the soil increases. They 
amount to 0.15 per cent CaO for the soil of medium saturation capacity and 
0.20 per cent CaO for the soil of highest saturation capacity. Such data 
suggest that the greater the capacity of the soil for ion exchange, the greater 
is the volume of filtrate necessary completely to remove the ionizable hydrogen. 
As the quantities present in liters IV and V of the filtrate from both the 
heavier soils differ but little in magnitude, leaching to an indefinite volume 
appears to be required for this purpose. 

The pH values of the sodium clays formed by leaching the three soils of 
types F, G, and B to five liters were found to be 8.37, 8.25, and 8.28, respec- 
tively. In spite of the continued leaching, these values are much lower than 
those obtained by Bradfield (3) for base-saturated soils. It is perhaps note- 
worthy that Osugi and Sano (28) found the soils they examined to be satu- 
rated at values ranging from pH 8.6 to 11. 

DISCUSSION 

It is clear from the data accumulated that the replacement resulting from 
leaching to two liters by the modified method of Page and Williams can be 
only partial in character. Complete replacement, however, need not neces- 
sarily be essential for the object of soil differentiation and characterization, 
provided that for each soil: (a) constant results for the amount of calcium and 
hydrogen replaced are obtained on repetition; (b) the ratios of the apparent 
saturation capacity, saturation deficit, and degree of unsaturation to their 
respective true values are independent (i) of the magnitude of the saturation 
capacity of the soil and (ii) of the nature of the colloidal material of the type 
from which the soil is drawn; and ( c ) exchange of hydrogen occurs to such an 
extent that the ratios of the replaced hydrogen to calcium in good and poor 
soils are sufficiently different adequately to reflect the dissimilarity in their 
properties. 

The data given in table 1 demonstrate that the first of these stipulations is 
satisfied, in that the measurements of saturation capacity and saturation 
deficit obtained on repetition are in close accordance. 

There are given in table 2 a the apparent and proximate saturation ca- 
pacities (denoted by 7j and T t , respectively,) and saturation deficits [(T 2 — 5) 
and (T$ — 5)] of the three soils leached to five liters. From them the ratio 
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T T — S 

values — and — have been calculated. The data obtained demon- 

7 » Tt - S 

strate that the ratio of the apparent to the proximate saturation capacity 
T 

— varies from 0.88 for the soil of lowest saturation capacity to 0.81 for the 
Tt 


soil of highest saturation capacity. The difference between these values is 
smaller than that between the ratios of the apparent to the true saturation 
capacities for these soils, for, as table 2 indicates, further leaching would 
remove greater quantities of ion from the soil of high than of low saturation 
capacity. Assuming that the standard deviation of the values obtained 
for the apparent and proximate saturation capacities are in each case equal 
to 1.3 per cent of their means (the maximum deviation found for the saturation 
capacities recorded in table 1), the standard error of the difference between 
the ratio values 0.88 and 0.81 is 0.022. It appears, therefore, that the per- 
centage of the sum equivalent of the calcium and hydrogen ions present, 
which are removed by the first two liters of filtrate, decreases significantly 
as the saturation capacity increases in magnitude. 

The pH values of the sodium clays recorded in tables 3, 4, and 5 tend to 
confirm this conclusion, in that they exhibit a fairly well-defined propensity 
to decrease with increasing saturation capacity. The correlation coefficient 
of the pH values of these clays with their saturation capacities, for the 49 soils 
for which both sets of data have been obtained, is —0.490, P = <0.01. The 
corresponding correlation coefficient for the 15 soils of type G is —0.548, 
P = <0.05. 


A similar state of affairs holds for the measurements of saturation deficit. 
Eighty-one per cent of the hydrogen ions extracted by five liters of filtrate are 
present in the first two liters from the soil of lowest saturation capacity, 76 
per cent from the soil of medium saturation capacity, and only 73 per cent 
from the soil of highest saturation capacity. If the standard deviations of 
the values for the saturation deficits of the soils of minimum and maximum 
saturation capacity are taken in this case as equal to 2 per cent of their respec- 
tive means, the standard error of the difference of their ratio values amounts 
to 3.1 per cent. The difference of 8 per cent is significant under such circum- 
stances. As before, this difference would be greater if the measurements for 
the proximate saturation deficits were replaced by those for the true saturation 
deficits. 


J 1 /J* §\ 

This lack of consistency in the values of the ratios — * and -c may be 

attributed to differences in the nature of the colloidal material of the soils exam- 
ined. Another explanation is that the leaching solution comes into equilibrium 
with the soil solution more quickly with soils of low than of high saturation 
capacity, and that, although the soil is transferred to a beaker after each liter 
has run through, and thoroughly stirred and decanted 10 times before leaching 
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is continued, equilibrium conditions are not attained with soils of higher satura- 
tion capacity. If these are the contributory causes, there can be little doubt 
that in the determination of saturation capacity and saturation deficit the 
leaching process should be continued until as large a volume of filtrate as prac- 
ticable is obtained. 


TABLE 3 


Lime status and physical constants of soils in good condition {Group I) 
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ui 2 x 

to 

C/5 

z 

o 
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a 
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CaO j E. 

gm 
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7.14 

M. 
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7.51 

M. 
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7.22 

\ M. 

40 

5.69 

f MPD. 
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7.48 

I’M. 

N 

42 
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Xaparima District 


7.81 

8.01 


45.32 

58.53 


7.9062.38 


7.86 


63.60 


7.90,53.05 
7.87 60.001 


0.28 |0.588j21 Oo!o.47ojl6.8ojo. 118 | 
Trace 0 . 700 25 . 0o!o . 547 j 19 . 54'0 . 1 53 


0.05 

0.00 

0.14 

Trace 


1.087 

10.996 

1.150 

1.717 


|38 82 0.935:33. 390. 152 
!35.57|0.810 28.93!0.186l 

! , ! 

41 .07(0.919 32 .82|0.23l| 

61.32 1.298 46.360.419 14.96 

lit 


4.20 

j 20.1 

0.37 

5.46 

21 9 

0.33 

! 5.43 

14.0 

0.54 

1 6.64 

18.7 

0.45 

8.25 

| 20 .1 

0.62 

14.96 

24.4 

0.77 


Central Plain 



CA. 156.83 

7.86 55.17 

Trace jo 572 

20.43 0.439,15 68lo. 133 

4.75 

23.2 

0.28 

p , 

B. 39 6.35 

8.16120 .00 

0.02 

iO.548 

19. 57jO. 414114. 79.0. 134 

4.78 

24.5 

0.74 

VJ ‘ 

CPD. 17.87! 

8.13j22.03 

Trace 

0.354 

12.64 0.256! 9. 14,0. 098 

3 50 

27.7 

0 41 


CA. 16 

7.44 

8. 04123.99 

| 

Trace 

0.390 

13.93:0.279! 9.960. 111! 

3.97 

28.5 

0.42 

H / 

O. 59 

6.91 

7.93 36.25 

Tfoce 

0.420 

1 5 . 00 0 . 369i 1 3 . 1 8j0 . 05 1 

1.82 

12.1 

0.36 

xl t 

V 

A. 10 

7.66 

7 . 7o! 18 . 57 

! i 

1 Trace 

0.247 

8.82 0.2051 7.32 0.042 

i 1 1 

1.50 

17.0 

0.39 

Mean value 

21.0 

i 



*C « clay; F.S. « line silt. 


A third possibility exists, however, namely, that side and secondary reac- 
tions, negligible in extent in soils of low saturation capacity, but appreciable 
in soils of higher saturation capacity, occur during the later stages of the leach- 
ing process. Such reactions could be due to: the hydroxyl ions released by 
hydrolysis of the sodium clay; decomposition of the sodium clay, which is 
possibly somewhat unstable; and increased hydration of the components of 
the colloidal complex through continued contact with an aqueous solution. 
All would tend to increase the value for the saturation capacity. Of these 
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alternatives the third appears the most probable. The effect of the first is 
likely to be very small, for ionization of the sodium clay should be almost com- 
pletely suppressed by the high concentration of sodium ions in the normal salt 
solution in contact with the soil. 

In the investigations later described, leaching was restricted to two liters, 
partly to economize in time and material and partly to minimize the effect of 
possible side and secondary reactions. It is necessary to bear in mind, how- 
ever, that the values thus obtained for saturation capacity and saturation 
deficit may not be strictly comparable. 


TABLE 4 

Lime status and physical constants of transition soils (Group II) 
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The degree of unsaturation, as calculated on the basis of a one, two, three, 
four, and live liter extraction, for the three soils examined is recorded in table 
2 b. The five values obtained for each soil are denoted by U i, J7a,. . . . {/&, 
respectively, in this table. The difference between i r i and U b amounts to 
between 11 and 13 per cent for each of the soils examined. This difference 
is very substantial, and by comparison with the observed standard deviations 
of the values for the degrees of unsaturation recorded in table 1 , is undoubtedly 
significant. The two-liter values (L r $) lie in each case approximately midway 
between the extreme values obtained (U i and I/*). 

The ratios which U\, 17*, U 3 , and L\ bear to V 5 are also given in table 2 b. 


The three values for — ~ approximate closely a constant 0.82. Those for — 
U 6 '-ft 
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TABLE 5 


Lime status and physical constants of soils in poor condition ( Group III) 
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— and — differ but little from 0.92, 0.96 and 0.99, respectively. The 
C/ft C/ft 

differences between the three values for each ratio are not significant, unless 

the standard deviations of Ui f Z7& are each less than 1 per cent when 

calculated as percentages of the means. The consistency exhibited by the 

members of each set of the successive ratio values ^ and ^ together 

U 6 C/G Uh C/ft 

with the fact that measurements of the degree of unsaturation can be repro- 
duced with fair exactness, suggests that they can be used with a reasonable 
degree of accuracy for the comparative differentiation and characterization of 
soils, even though they are calculated from data obtained by incomplete 

jj 

extraction. Further, as the values for — for the three soils examined differ 

Li 

Ij XJ 

no more greatly from one another than those for — -~ 3 , or — little appears 

U i U 6 t/ft 

to be gained by continuing the leaching process beyond one liter of filtrate 
for comparative measurements of this soil factor. In the investigations sub- 
sequently described it has been determined on the basis of a 2-liter extraction, 
for the sake of uniformity with the measurements of saturation capacity and 
saturation deficit. 

The data recorded in tables 3, 4, and 5 demonstrate that the values obtained 
for the degree of unsaturation, during the routine examination of a large 
number of soils, cover a wide and satisfactory range. The procedure adopted 
therefore complies with the third of the conditions regarded as necessary for 
its use in soil classification. 


Part II.— State of Unsaturation of the Soil in Relation to Its 

Field Behavior 


DESCRIPTION AND CLASSIFICATION OF THE SOILS EXAMINED 

The sugar-cane regions of Trinidad were deemed ideal for the investigation 
of any relationship which may exist between the state of unsaturation of the 
soil and its field behavior and lime requirement, first, because of the extreme 
variations in soil type, and in some cases within the soil type, which occur in 
a restricted area; and secondly, because one crop is common to them all. 
Samples, taken to a depth of one foot, representative of the following eight 
distinct geological types were chosen for examination. Some of these types 
have been previously described (35). 

Soil types of the Naparima District 

A. A brown, raw clay, characterized by the greenish hue of its partially weathered sub- 

soil. It is for the most part foraininifcral. 

B. A typical, red-weathering, foraminiferal clay, which frequently merges imperceptibly 

into the previous type. 
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C. An old river alluvium, yellow-brown. 

D. A recent river and lagoon alluvium, dark brown. 

E. A black soil, overlying a buff colored calcareous marl. 

Soils of the Central Plain 

F. Red-brown detritus soils, bordering on the foothills of the Northern Range, and de- 

rived from the Pre-Cretaceous quartzose schists of which the range is mainly 
formed. 

G. Fawn colored, one-time swamp and lagoon alluvial soils, which merge into present- 

day swamps. 

H. Dark brown, recent river alluvial soils. 

All the foregoing types are essentially alumino-siliceous in character and are 
very deficient in organic matter (35). Some of them have been more fully 
described by Hardy (15). 


System of classification 

The samples obtained from the eight soil types are classified into three 
groups, according to their field behavior: 

Group I. Soils possessing an inherent good tilth. 

Group II. Soils with neither markedly good nor bad properties, but which are beginning 
to exhibit the characteristics of physical deterioration, and are at present in the transition 
stage from the first to the third groups. 

Group III. Soils in a badly impaired condition, to which, at the best, a temporary good 
tilth only can be given. 

The climatic conditions prevailing in Trinidad emphasize the differences in 
behavior of the soils of groups I and III and render them readily distinguish- 
able. Briefly it may be stated that the latter exhibit marked fluctuations in 
behavior from the dry to the wet season, appear to be poorly aerated, and are 
in obvious need of flocculation., The variation in behavior of the former from 
season to season is much less pronounced, and they possess, throughout the 
year, as good a tilth as climatic conditions and their content of organic matter 
appear to allow. A further and almost invariable distinction is that the soils 
of the third group support sugar canes periodically subject to severe injury 
from an insect pest — Monecphora ( Tomaspis ) saccharina Dist. (the frog- 
hopper) — from which those grown on the soils of the first group are almost 
completely free. Recently in years of serious insect infestations, canes grown 
on the second group have been subject to slight damage in this manner. 

In addition to the measurements necessary for the determination of the state 
of unsaturation of the soils of the three groups, the following determinations 
were made: 

pE value was measured on duplicate representative samples of each soil by means of the 
quinhydrone electrode. A soil-water ratio of 1 to 2 was used. 

The soil content of day and very fine silt was determined previous to the publication of the 
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recommendations of the Agricultural Educational Association in 1928. It was measured 
according to the procedure adopted by this body in 1925. The necessary corrections for 
temperature were made. 

Calcium carbonate was estimated by means of Colling calcimeter. 

The data obtained for 50 samples, selected from those examined as repre- 
sentative of the good, transitional, and poor soils of the eight types described 
in the foregoing, are summarized in tables 3, 4, and 5, respectively. The soils 
of each group are arranged in order of increasing degree of unsaturation. Type 
B, which is fairly uniform in saturation capacity, and type G, which is 
very variable in this respect, because of their diverse origin, are more fully 
exemplified than the other types. 


TABLE 6 

Distribution of saturation capacities (T), contents of exchangeable calcium ( S) and saturation 
deficits ( T-S ) of soils of Groups /, //, and III 


CaO pe R 100 

CM A IB-DRY 
SOIL 

SOILS iN GOOD CONDITION 
GROUP I 

: 

1 

TRANSITION SOILS 

GROUP II 

SOILS IN POOR CONDITION 
GROUP III 

r 

5 

T-S 

r 

5 | 

T-S 

T 

5 

T-S 

0 . 0 - 0. 1 

0 i 

0 

3 

0 

0 

1 

o 

5 

2 

0. 1-0 2 

0 

0 

7 

0 

0 

1 

2 

5 

3 

0.2-0 3 

l 

3 

1 

0 

1 I 

3 

3 

7 

9 

0.3-0 4 

2 

1 

0 

1 

1 

1 

1 

11 

8 

0.4-0 5 

1 

3 

1 

0 

3 

0 

1 

4 

8 

0.5-0 6 

3 

1 

0 

1 

0 

0 

11 

0 

1 

0.6-0 7 

0 

0 

0 

3 

1 

0 

3 

0 

1 

0. 7-0.8 

1 

0 

0 

i o 

0 

0 

6 

0 

0 

0. 8-0.9 

0 

1 

0 

0 

0 

0 

4 

0 

0 

0.9-1 .0 

1 

2 

0 

1 

0 

0 

1 

0 

0 

>1.0 

3 

1 

0 ! 

0 

0 

0 

0 I 

0 

0 

Total. . . . 


12 



6 


32 


SATURATION CAPACITY, EXCHANGEABLE CALCIUM, AND SATURATION DEFICIT 

The distribution of the saturation capacities, the contents of exchangeable 
calcium, and the saturation deficits of the soils of groups I, II, and III are 
recorded in table 6. 


Saturation capacity 

The saturation capacities of the soils of group I are fairly evenly scattered 
between the values 0.25 and 1.7 gm. CaO per 100 gm. of air-dry soil; those for 
the soils of group II range from 0.3 to 1.0 per cent; whereas the majority of the 
values for the soils of group III lie between 0.5 and 0.9 per cent. No regular 
relationship appears to exist between field behavior of the soil and the mag- 
nitude of the saturation capacity, provided it is greater than 0.25 per cent 
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CaO. High saturation capacities, such as are characteristic of types A and 
B and some of the soils of type G, are not necessarily correlated with poor 
physical condition, for the soils of type E, which possess even higher saturation 
capacities, retain their tilth throughout the year more markedly than do any 
of the soils of the other seven types. Between poor condition and low ion 
capacity there may be some connection. The minimum saturation capacity 
found for the good and transitional soils is 0.25 per cent CaO. The behavior 
of the soils which possess values below this amount suggests that their condi- 
tion is in part due to the lack of sufficient colloidal material successfully to 
withstand the climatic conditions which prevail. 

Exchangeable calcium 

The contents of exchangeable calcium of the soils examined range from 
0.075 to 1.298 gm. CaO per 100 gm. of air-dry soil. This range is greater than 
that found by Williams (37) for Welsh soils (0.07 to 0.28 per cent CaO), by 
Smith (33) and Ogg and Dow (27) for Scottish soils (0.04 to 0.55 per cent CaO), 
by Kelley and Brown (23) for American soils (0.12 to 0.92 per cent CaO), 
and by Hissink (16) for Dutch soils (0.21 to 1.12 per cent CaO). 

The content of the soils in good condition may rise above 1.0 per cent CaO, 
whereas the maximum values recorded for the transition and poor soils ex- 
amined are 0.7 and 0.5 per cent, respectively. Apart from these limiting cases 
there is little evidence of a relationship between the absolute amount of ex- 
changeable calcium present and field behavior. This appears to be mainly 
due to the variation which exists in the saturation capacities of the soils ex- 
amined, for an increase in the capacity for ion exchange of the good soils is 
invariably accompanied by a concurrent increase in their contents of exchange- 
able calcium. 


Saturation deficit 

To some extent account is taken, in the determination of saturation deficit, 
both of the saturation capacity of the soil and of its content of exchangeable 
calcium. A closer relationship therefore may be expected between it and soil 
behavior than exists in the case of either of the factors from which it is derived. 
Certain investigators have used it as a measure of the lime requirement of the 
soil. Those methods for determining lime requirement which involve the 
estimation of the acidity developed by the soil in the presence of neutral salt 
solutions are based upon qualified measurements of its value. The degree to 
which the magnitude of the saturation deficit is linked with the field behavior 
of the soils examined is therefore worthy of detailed consideration. 

The saturation deficits registered in tables 3, 4, and 5 vary from 0.04 to 0.60 
gm. CaO per 100 gm. of air-dry soil; those for the soils of group I lie between 
0.04 and 0.42 per cent CaO; whereas the values for the soils of group III cover 
the whole of the recorded range. In the great majority of cases, however, the 
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saturation deficits of the soils of the former group are less than 0.20 per cent 
CaO, whereas those for the soils of the latter group are in general larger than 
this. The deficits of the transition soils are ranged about this value, varying 
from 0.10 to 0.31 per cent CaO. A loose relationship, therefore, appears to 
exist between the saturation deficits of the soils as a whole and their field 
behavior, but the overlap which occurs in the values for individual soils of the 
different groups renders the connection too ill defined to warrant a formulated 
generalization. The lack of precise definition which obtains is well illustrated 
by the following specific examples. Soil M 42 of type E, group I, has a satura- 
tion deficit (0.42 per cent CaO) greater than the values for all the soils of 
group II and for most of the soils of group III. Similarly, the deficits of soils 
A 49 and A 50, of type F, group III, (0.05 and 0.08 per cent CaO, respectively) 
are smaller than those for the vast majority of the soils of groups I and II. 
These are extreme cases, but many examples similar in kind, though of lesser 
degree, appear in the tables. 

The data obtained nevertheless demonstrate that in special cases, such as 
those for soils confined to a single type which is of fairly uniform saturation 
capacity throughout, a close relationship may exist between saturation deficit 
and field behavior. For example, the minimum deficit found for the poor 
soils of type C is 0.24 per cent CaO, the transition soil has a value of 0.18, 
and the good soils of this type possess deficits which range from 0.12 to 0.15 
per cent CaO. The soils of the different groups of types B and H exhibit a 
similar gradation in their limiting values. When, however, the saturation 
capacity of the type is very variable, the relationship becomes less well defined. 
In the case of type G, the poor soils have a minimum deficit of 0.13, the good 
soils a maximum deficit of 0.14, and the transition soil cited possesses the 
value 0.23 per cent CaO. 

It is evident from these examples that, as in the case of exchangeable calcium, 
the relationship between the magnitude of the saturation deficit and the field 
behavior of the soil is obscured by the variation which occurs in the capacity 
of the soil for ion exchange. If the saturation capacity is very high, a deficit 
of 0.4 per cent CaO is not incompatible with inherent good tilth. If, on the 
other hand, it is very low, as small a deficit as 0.05 per cent CaO may be cor- 
related with poor condition. It follows that the saturation deficit cannot, in 
general, be regarded as a reliable index of soil condition. 

DEGREE OF UNSATURATION 

The degree of unsaturation of the soils examined varies from 12 to 88 per 
cent (tables 1, 3, 4, and 5). This range is wider than that found by Hissink 
(17) for Dutch soils (44 to 74 per cent), by Joffe and McLean (22) for American 
soils (12 to 63 per cent) and by Osugi and Sano (28) for Japanese soils (17 
to 77 per cent). 

The extent to which the Trinidad soils classified in group III have become 
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unsaturated appears independent of internal factors such as the magnitude of 
their saturation capacity and the nature of the type to which they belong. 
No evidence exists that the light soils of type G, for example, are in general 
more highly unsaturated than its heavy soils, or that the soils of type F are 
less saturated than those of type B. 

Although no close connection exists in general between the field behavior of 
the soil and its absolute content of exchangeable hydrogen or calcium, the 
data in tables 3, 4, and 5 show it to be intimately related to their ratio value. 
The soils in good condition, those with a somewhat impaired tilth, and the 
poor soils each lie within a fairly well-defined zone of unsaturation. The degree 
of unsaturation of the soils in good condition ranges from 12 to 28 per cent, 
with a mean value of 21 per cent. The limits of unsaturation of the transition 
soils are 30 and 35 per cent, with a mean value of 32 per cent. The soils in 
poor condition are more than 38 per cent unsaturated. 

The delimiting values of the three zones appear to be independent of the 
following factors: 

The nature of the colloidal material of the soils examined, as determined by the type to 
which they belong. Each range of values holds for the soils of all eight types, in spite of their 
diverse origin. 

The degree of the colloidality of the soils, whether measured by their saturation capacity 
or their content of clay and fine silt. The soils of the very variable type G are as precisely 
differentiated according to their condition as the soils of the more uniform types. 

Any variation which occurs in the content of exchangeable ions, other than hydrogen and 
calcium, of the soils examined. 

The agricultural history of these soils, which in some cases have grown cane for generations, 
whereas others have until recently supported cacao. 

The degree of unsaturation with calcium, i.e., the ratio of exchangeable 
hydrogen to calcium, therefore appears to be a master factor controlling the 
field behavior of these soils. 

It is known that humus, if present in large quantities, may dominate the 
properties of the soil and mask the effect of the exchangeable ions, but that, if 
it occurs to a small extent, the nature of its influence is largely dependent 
upon their relative proportions. The amount of organic colloidal material 
found in the soils of the cane-growing regions is relatively small compared 
with the high degree of inorganic colloidality possessed by many of these soils 
(35). This may aid in emphasizing the measure of control over the soils ex- 
amined which the degree of unsaturation exhibits, and may afford an explana- 
tion of the comparative precision with which the zones of unsaturation are 
defined. It is noteworthy in this respect that Gehring, Peggau, and Wehrmann 
(12) found that lime requirements, based on their method of determining the 
degree of saturation, are applicable to mineral but not humic soils. 

It has been shown in a previous paper (35) that the soils of Trinidad in poor 
condition are distinguished from those in good condition by the ratio of the 
amount of exchangeable calcium present in them to their content of clay and 
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very fine silt (C. + F.S. II). The ratios for the former soils were found to range 
from 0.11 to 0.25, and those for the latter from 0.28 to 0.63. The ratios for 
the extended series of soils, recorded in column 12 of tables 3 and 5, confirm 
these findings. They vary from 0.11 to 0.29 for the soils of group III and 
from 0.28 to 0.68 for those of group I. The contrasted soils are not so clearly 
differentiated by this means, however, as by their degree of unsaturation, for 
the ratios for the transition soils, which vary from 0.28 to 0.38, lie within the 
range for the good soils. Further, the poor soil WOA 341 of type G, originally 
found to be an exception in that it has a ratio value of 0.47, possesses a degree 
of unsaturation of 57 per cent, a value well within the zone corresponding to 
the soils of group III. 

Hissink (19) found the ratio of exchangeable calcium to clay and very fine 
silt for Dutch soils to be highly correlated with their degree of saturation. 


TABLE 7 

Degree of unsaturation of nruf, medium, and old Dutch soils 
[Recalculated from the data of Hissink (17)] 



AGE OF SOIL 

New 

Med- 

ium 

Old and very old 

Soil number 

B 1681 

B1459 

B1680 

B1679 

B790 

B1482 

B14R3 

B14&4 

B1458 

ioo (r-s)/T 










Hissink's value 

43.6 

47.2 

45.5 

48.0 

53.2 ! 

61.2 

59 2 

55.3 

74.2 

Recalculated value 

49.2 

52.8 

51.1 

53.6 

58.7 

66.4 

64.5 

60.8 

78.2 

pH value 

7.61 

7.57 

7.70 

7.67 

7.03 

5.89 

5.96 

6.25 

7.49 

Humus (per cent.) 

0.0 

0.7 

0.0 

1.5 

3.2 

3.4 

3.1 

2.1 

0.0 

CaCOi (per cent) 

10.6 

9.3 

3.2 

0.7 

0.0 

0.0 

0.0 

0.0 

0.0 


^ 100 (T — S) 

The correlation of ~ — r„ _ — with for the 41 Trinidad soils 

(C. +r . S. II) T 

for which both sets of values have been obtained is —0.726, with P = <0.01. 

COMPARISON WITH RESULTS OF HISSINK 

Hissink (17) included the soil content of exchangeable sodium, potassium, 
and magnesium in his measurement of saturation capacity. For the purpose 
of comparison his data have been recalculated on the assumption that calcium 
and hydrogen alone are present. The recalculated degrees of unsaturation are 
each greater than the original values by from 4 to 6 per cent. 

The zones of unsaturation of the new and old soils of Holland are limited by 
the values 49 and S3 per cent, and 58 and 78 per cent, respectively. Although 
the new soils contain calcium carbonate, their degree of unsaturation lies well 
within the zone which characterizes the poor soils of the cane-growing regions 
of Trinidad. It is clear, therefore, that the method of Hissink for determining 
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the soil content of exchangeable hydrogen gives much higher values than the 
modified method of Page and Williams. 

It is doubtful whether the divergence can be explained either by the differ* 
ence in the humus contents of the two series of soils — for the contents of the 
Dutch soils, which were determined by loss in weight on ignition, are 
the smaller — or by the difference in the length of time allotted to replacement 
in the two processes. In the modified method of Page and Williams the leach* 
ing process alone, in which the soil is repeatedly brought into contact with fresh 
sodium chloride solution, normally takes at least 3 days. 

To investigate the reason for the discrepancy, the saturation deficits 
of the three soils of types F, G, and B, samples of which had previously been 
leached to five liters, were determined by the method of Hissink. The pro* 

TABLE 8 


100 (T-S) 

Values for (T-S), T, and — - as determined by the method of Hissink and by the modified 

method of Page and Williams 
(2- and 5-liter extractions) 



METHOD OF HISSINK 

MODIFIED METHOD OF PACK AND WILLIAMS 

KATIO OF VALUES 
FOB (T-S) 

SOIL 

1 

2 

3 

4 

5 

6 

7 

8 

9 



TYPE 



ioo(r-S) 

2 liter extraction 

| 5 liter extraction 

(0/(4) 

(D/(7) 


(T-S) j 

T 

i 


100 (T-S) 
T 



loo(r.v) 
" ' T 




T 

(T-S) 

T 

(T-S) 

T 




rngm. E. 
per cent 

mgm E. 
per cent 

per cent 

m^tn Ea 
per cent 

mr,m E 
per cent 

per cert 

mem. E 
per cent 

mem E 
j per cent 1 

per cent 



F 

10.57 

13.03 

81.1 

3.43 

5.89 

j 58.2 

4.25 

j 6 71 

63 3 

3.1 

2.5 

G 

47.23 

55.16 

85 6 

17.571 

25.50 

i 68.9 

23.00 

30.93 

! 74.4 

2.7 

2.1 

B 

49.29 

60.54 

81.4 

19.251 

l 

30.50 

63 1 

26.39! 

1 

37.64 

70.1 

2.6 

1.9 

Mean 

2.8 

2.2 


cedure followed was identical with that described by him. In each case the 
amount of soil taken was such that it contained approximately 2 gm. of the 
clay fraction. The soils were placed in a series of test tubes and increasing 

quantities (5, 10, 15 45 cc.) of 0.1 N Ba(OH)j added. Each tube was 

filled with water to 50 cc., shaken occasionally for three days, and then allowed 
to settle overnight. A portion of the clear supernatant liquid was pipetted 
off and titrated with standard hydrochloric acid, phenolphthalein being used 
as the indicator. From the data obtained the saturation deficits of the three 
soils were calculated. Their values, together with those obtained by their use 
for the saturation capacity and degree of unsaturation, are compared in table 8 
with the corresponding values given by the modified method of Page and 
Williams on the basis of 2- and 5-liter extractions. 

The values obtained by the method of Hissink for the saturation deficits of 



STATE OF UNSATURATION OF THE SOIL 


369 


the three soils examined are approximately three times those given by a 2-liter 
extraction with normal sodium chloride solution, and twice those given by a 
5-liter extraction. These results are similar in nature to those of von ’Sigmond 
(32), who considers that by the method of Hissink an overestimate of the value 
for (T — S ) is obtained. Gericke (13) has shown that the procedure of Hissink 
gives higher values for saturation capacity than that of Gehring (11) and 
of Bobko and Askinasi (2). 

It will be recollected that in the soil of type F, which is of low saturation 
capacity, replacement of the ionizable hydrogen by the leaching process ap- 
pears practically complete when five liters of filtrate are obtained. There is 
no indication that the value for saturation capacity would increase appreciably 
in magnitude if leaching were continued indefinitely. In the case of this 
particular soil, therefore, there is strong evidence that reactions other than 
those of pure exchange occur in the procedure adopted by Hissink. With the 
heavier soils of types G and B the evidence is less definite, their saturation 
capacity values show no marked signs of approaching a maximum value at 
the 5-liter stage of extraction (table 2). Assuming, however, that further 
leaching would continue to replace 1.57 and 2.14 mgm. E. of hydrogen per 
liter (the mean of the amounts removed by the fourth and fifth liters from the 
soils of types G and B, respectively), a total of 16 and 20 liters of filtrate would 
be necessary to attain the Hissink values. 

pH VALUE 

The pH values of the soils examined lie between 4.48 and 7.87. The 
minimum value recorded for the good soils is pH 5.69, and the maximum value 
for the poor soils, 6.87. The transition soils possess values which range from 
pH 5.31 to 6.89. The transition and poor soils are, in general, much more 
acidic in reaction than the medium aged and old soils, respectively, of Holland 
(table 7). Hissink (17) found that Dutch soils are frequently alkaline in 
reaction even though their degree of unsaturation is relatively high. 

. It is to be expected that the ratio of ionizable hydrogen to ionizable calcium 
present in the soil will exert some measure of control over its hydrogen-ion 
concentration when in equilibrium with water. The data accumulated up- 
hold this view, in that there is a general tendency for the pH values of the soils 
of each type to decrease with an increasing degree of unsaturation. The 
frequent and striking irregularities which occur, however, both for soils within 
a single type which exhibit a gradation in unsaturation, and for soils of different 
types with approximately equal degrees of unsaturation, indicate that other 
factors of primary importance contribute to the determination of pH value. 
In consequence, the good, transition, and poor soils are not well defined by 
their hydrogen-ion concentration. The influence of the degree of unsaturation 
is nevertheless to some extent predominant, for none of the soils in good 
condition possess pH values which lie at the very acid end of the scale (pH 
4.0 to 5.5), and although an appreciable proportion of the poor soils have values 
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above pH 6.0, none are actually alkaline in reaction. Further, none of the 
transition soils possess the extreme values pH 4.0 to 5.0 and pH 7.0 to 8.0. 

The content of organic matter of the soil is known to be one of the more 
important of the disturbing factors which affect pH value. Its action has 
previously been noted by Hissink (17) and other workers, who attribute to the 
humus present the abnormally high acidity of soils possessing a relatively low 
degree of unsaturation with calcium. The data obtained for the soils of the 
cane-growing regions of Trinidad lead to a similar conclusion. The pH values 
of two series of soils, selected from those examined because the saturation 
capacity and degree of unsaturation of the soils of each set are approximately 
constant, are given in table 9. In both series a marked increase in hydrogen- 
ion concentration occurs as the proportion of organic matter increases. The 


TABLE 9 

Effect of organic matter content on pH value 


SOIL NUMBER 

ORGANIC NATTER 

SATURATION CAPACITY 
(CaO PER CENT) 

DEGREE OF 
UNSATURATION 

pH VALUl 


per cent 

per cent 



Series I 


WOA. 

320 

1.25 

■EBBt 

mam 

6.41 

CPD. 

3 

2.85 

HSU 

Hafl ■ 

6.30 

M. 

27 

4.89 

0.579 

44.7 

5.79 

M. 151/152 

5.32 

0.545 

43.7 



Series II 


WOA. 339 

1.00 

0.539 

53.4 

6.14 

M. 38 

3.46 

0.553 

55.7 

5.32 

WOPD. 5 

4.80 

0.537 

58.7 

4.91 


pH value of the soil, therefore, cannot be regarded as a reliable index for soil 
classification on the basis of field behavior. 

Part III.— Determination of Lime Requirement on the Basis of Degree 

,of Unsaturation 

FACTORS CONTRIBUTING TO THE NEED OF THE SOIL FOR LIME 

The ultimate aim of liming is to render the soil more suited to the develop- 
ment in the crop of some particular character or potentiality, such as an in- 
crease in yield, an improvement in quality, or a greater resistance to injury 
from disease or insect pests. This may be attained in one or more of the 
following ways: by improving the physical structure of the soil; by reducing 
its degree of acidity to a given value, and incidentally, rendering unexchange- 
able the ionizable iron and aluminium it contains; or merely by increasing to 
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a given amount the calcium available to the plant. It is improbable that all 
crops, and possibly even the same crop under different climatic conditions, 
will react equally well to any given soil treatment. Further, it is unlikely that 
each of the three possible courses of action will require an equal amount of 
lime. It is necessary, therefore, to determine which is most suited to the crop 
under consideration, under the particular set of conditions which prevail, 
although the conclusions reached may be of wider application. 

Sugar canes in Trinidad, under normal circumstances grow almost equally 
well on the majority of soils examined, provided that due care is taken in 
selecting the variety most suited to local conditions, and that the soil is suitably 
tilled and drained and contains at least 0.2 per cent exchangeable calcium 
(35). Sugar canes as a class are therefore very tolerant of considerable varia- 
tion in the physical characteristics of the soil, in its state of unsaturation and 
degree of acidity. As in the case of other crops (1,4, 18, 20) it is under adverse 
circumstances, such as extended periods of meager rainfall or serious infesta- 
tions of insect pests, that among them marked differences in behavior appear. 
Then the canes grown on the soils classified in group III are liable to a severe 
setback, and those on the soils of group II to slight injury, whereas the canes 
on the soils of group I as a rule remain practically unscathed. Field observa- 
tions and the data accumulated in the laboratory indicate that it is by their 
field behavior, rather than by their degree of acidity or their content of ex- 
changeable calcium, that the soils of the three groups are essentially differen- 
tiated. In this particular case, therefore, it is primarily to amend their 
physical condition that the soils of groups II and III appear to need lime. 

Under circumstances such as these the manner in which the good soils are 
differentiated from the others by their degree of unsaturation becomes of 
practical importance, for once the content of exchangeable calcium and the 
saturation capacity of a soil are known, it is a matter of simple calculation to 
determine the lime required to bring its degree of unsaturation within the zone 
which characterizes the good soils. 

FACTORS DETERMINING THE DEGREE OF UNSATURATION OF THE SOILS IN 

GOOD CONDITION 

Equilibrium position of the system soil-calcium carbanate 

In addition to the dissimilarity in their degree of unsaturation, the soils in 
good and poor condition differ outstandingly in that the good soils have been in 
contact with calcium carbonate for a long period of years. The soils of types 
D and E of group I are naturally calcareous, whereas those of types C, G, and 
H, which are classified in this group, have been liberally limed in the past. 
All these soils, excluding M 40, the store of calcium carbonate of which has 
but very recently become exhausted, still possess a reserve of limestone. The 
soils of type E, and those of type D in good condition, with this one possible 
exception, are undoubtedly in equilibrium with this substance, as in all 
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probability are the other soils of group I. Such soils were believed by Ramann 
(31) and Gedroiz (10) to be saturated with calcium, and they are still so con- 
sidered by some workers (24). Nevertheless, as the data in table 3 demon- 
strate, they contain exchangeable hydrogen. 

The presence of ionizable hydrogen under these conditions is to be expected 
on theoretical grounds. The compounds formed by the action of calcium 
carbonate on the acidoid material of the soil are salts of a relatively strong 
positive ion and a very weak colloidal negative ion, and as such they are prone 
to hydrolysis. Should the reaction go to completion the normal salt so formed 
would be unstable, and interaction between it and the hydrogen ions of the soil 
water would occur. The latter process would result in the formation of un- 
ionized (but ionizable) soil acid, and this would proceed until equilibrium 
conditions were attained. 

It appears from these considerations that the saturation deficits of the good 
soils are measures of the extent to which hydrolysis can occur in them when 
they are in equilibrium with calcium carbonate, although, as the estimation 
procedure used does not completely displace the ionizable hydrogen present, 
the values obtained somewhat underestimate its scope. Similarly their degree 
of unsaturation is a measure of the proportion of acidoid material unneutralized 
under these conditions. 

These conclusions clarify the meaning of the data obtained. They demon- 
strate that the amount of lime required completely to neutralize the acidoid 
material of the soil is in excess of that with which it can normally combine. 
They show that the degree of unsaturation of the good soils is a measure of the 
amount of calcium with which they can stably unite, rather than a measure 
of the point at which the ratio of exchangeable calcium to exchangeable 
hydrogen is such that the calcium ion exerts a predominating influence over the 
properties of the soil, although in the good soils such a state of affairs may 
exist. Further, they indicate that estimations of lime requirements on the 
basis of the degree of unsaturation of the good soils are essentially determina- 
tions of the amounts of lime necessary to bring the soil into equilibrium with 
calcium carbonate. 

Variation in equilibrium position with the soil 

The limiting values found for the degree of unsaturation of the good soils 
(12 and 28 per cent) suggest that a considerable degree of variation with the 
soil occurs in the proportion of hydrolyzed material present under equilibrium 
conditions. The data in table 1 demonstrate that the difference between the 
maximum and minimum values obtained lie well outside the range of experi- 
mental error. 


[Soil] xCa * * + 2xH * ^ [Soil] 2xH ' + xCa ’ * 


(88-72 per cent) 


(12-28 per cent) 
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The deviations from a constant value may be attributed to one or more of 
the following factors: 

First, the presence in the soil of calcium carbonate, which will to some extent pass into solu- 
tion during the determination of exchangeable calcium, and thus affect the value for the degree 
of unsaturation. 

In selecting samples of the good soils for examination, those with the smallest contents of 
calcium carbonate were chosen, to reduce this error to a minimum. In consequence, with 
few exceptions, the amounts present in the soils classified in table 3 are too small appreciably to 
influence the values obtained. 

Secondly, variation in the strength of the acidoid material, both inorganic and organic, 
with soil type. 

Evidence has previously been obtained that under comparable conditions the acidoid 
complex varies in the extent to which it ionizes in soils of different types (34). A similar 
variation is shown by the values for the degree of unsaturation of the types of group I. The 
mean degrees of unsaturation of the soils, which appear to be in equilibrium with calcium 
carbonate, of types C, E, G, and H, are 21, 22, 26, and 15 per cent, respectively. The differ- 
ence between the mean values for types G and H is 11 per cent, its standard error being 4.3 
per cent. This difference is therefore significant. A fuller exploration of the cause and range 
of variation within each type is needed, however, before the meaning of such a difference can 
be accurately assessed. 

Thirdly, lack of consistency in the soil content of humified organic matter. 

This may be an important factor contributing to the differences found, but insufficient data 
have been accumulated for an estimation of its effect. 

NET AMOUNT OF LIME REQUIRED FOR ATTAINMENT OF EQUILIBRIUM WITH 

CALCIUM CARBONATE 

For reference, table 10 gives the net amounts of lime required to bring into 
equilibrium with calcium carbonate soils with saturation capacities that range 
from 0.1 to 1.0 per cent CaO, and with degrees of unsaturation that vary from 
20 to 100 per cent. The calculations are based on three assumptions: first, 
that the degree of unsaturation corresponding to the equilibrium position is 
20 per cent, a value which closely approximates to the mean for the soils of 
group I ; secondly, that no loss of lime occurs through soil wash or leaching in 
the period during which it is reacting with the soil; and thirdly, that an acre- 
foot of soil weighs 4,000,000 pounds. The examples recorded are classified in 
accordance with the field behavior of the soils. 

When account is taken of the saturation capacity and state of unsaturation 
of the examples recorded in table 10, the amounts of lime required for the 
attainment of a state of equilibrium do not appear excessive in magnitude. 
In rather more than one-half of the cases cited they are less than 5 tons an 
acre. They exceed 10 tons only when the saturation capacity of the soil 
reaches a value of 0.4 per cent CaO, and then only when the degree of unsatura- 
tion is relatively high. Quantities larger than 20 tons are needed only if a 
saturation capacity of 0.8 per cent, or more, coexists with a degree of unsatura- 
tion greater than 80 per cent. Soils more than 70 per cent unsaturated are 
uncommon in the cane-growing areas of Trinidad, in spite of the her vy tropical 
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rainfall and the exhaustive methods of cultivation which have been practiced 
for generations (36). They are probably of even less frequent occurrence in 
temperate zones. According to the data in table 10, therefore, in the great 
majority of cases the amount of lime needed is restricted to a maximum of 16 
tons of calcium carbonate to the acre, unless the saturation capacity of the 
soil exceeds 1 per cent CaO. Of the 50 samples for which data are given in 
tables 3, 4, and 5, 29 possess requirements less than 5 tons an acre, 14 from 
5 to 10 tons, and 7 from 10 to 13 tons. 

This method for determining net lime requirement is independent of the 
presence of calcium carbonate in soils not in equilibrium with calcium carbon- 
ate. In such cases the value found for the degree of unsaturation will lie 
within the zone of unsaturation of the soils of group I only if the amounts 


TABLE 10 

Net amounts of lime, in tons CaCOz per acre, required to bring the soil into equilibrium 

with calcium carbonate 


SATURA- 
TION 
CAPACITY 
(PE* CENT 

CaO) 

GOOD 

SOILS 

TRANSITION SOILS 

SOILS IN POOR CONDITION 

Degree of unsaturation (per cent) 

20 

30 

35 

40 

50 

60 

70 

80 

90 

100 

0.10 

0 

0.32 

0.48 

0.64 

0.96 

1.28 

1.59 

1.91 

2.23 

2.55 

0.20 

0 

0.64 

0.96 

1.28 

1.91 

2.55 

3.19 

3.83 

4.46 

5.10 

0.30 

0 

0.96 

1.44 

1.91 

2.87 

3.83 

4.78 j 

5.74 

6.69 

7.65 

0.40 

0 

1.28 

1.92 

2.55 

3.83 

5.10 

6.38 j 

7.65 

8.93 

10 20 

0.50 

0 

1.59 

2.39 

3.19 

4.78 

6.38 

7.97 

9.56 j 

11.16 

j 12.75 

0.60 

0 

1.91 

2.87 

3.83 

5.74 

7.65 

9.56 

11.48 

13.39 

i 

15.30 

0.70 

0 

2.23 

3.35 

4.46 

6.69 

8.93 

| 11.16 

13.39 

16.62 

17.85 

0.80 

0 

2.55 

3.83 

[ 5.10 

j 7.65 

10.20 

| 12.75 

15.30 

| 17 . 85 | 20.40 

0.90 

0 

2.87 

4.31 

| 5.74 

8.61 

11.48 

14.35 

17.22 

20.08 

22.95 

1.00 

J 

3.19 

4.78 

6.38 

9.56 

12 75 

15.94 

19.13 

22.32 

25 50 


present are in excess of those necessary for the attainment of a state of equilib- 
rium. If present in quantities smaller than this, the additional quantities 
required can be calculated in the normal manner from the apparent degree of 
unsaturation found. 

NEED FOR A RESERVE OF CALCIUM CARBONATE IN THE SOIL 
Repression of ionization 

The fact that the degree of unsaturation of the soils in good condition appears 
to be a measure of the equilibrium position of the system soil-calcium carbon- 
ate, rather than an indication of the point at which the soil content of ex- 
changeable calcium is large enough to impress the characteristics of a calcium 











STATE OF UNSATURATION OF THE SOIL 


375 


clay upon the soil, renders it doubtful whether differences in the degree of 
unsaturation alone, always afford a complete explanation of the dissimilarity 
in the behavior of the soils examined, and suggests that the calcium carbonate 
of itself may, under certain conditions, play an important part- The relatively 
small differences in the degree of unsaturation of the soils of groups I and II, 
in comparison with the contrast displayed by their properties, tend to confirm 
this possibility. It seems likely, in the case of the soils of group I, that the 
calcium ions, to which the calcium carbonate gives rise, suppress in large 
measure the ionization of the calcium salts of the acidoid material of the soil, 
thereby acting as a coagulating agent. In the soils of group II (and those of 
group III) ionization can occur unhindered, and this may contribute ma- 
terially to the deterioration evident in their physical structure. The action 
of the ions derived from the calcium carbonate would thus be akin to the re- 
pression of the ionization of an ordinary electrolyte, by the mass influence 
of an added ion common to both electrolytes. 

Maintenance of the degree of unsaturation at equilibrium value 

It has been pointed out by Hissink (17) that the soils of Holland of medium 
age differ but little in their degree of unsaturation from those newly endyked 
(table 7). Both series of soils contain calcium carbonate, but the amounts 
present in those of medium age are much the smaller. This substance is 
absent from the old and very old soils, which tend to be much more highly 
unsaturated than the soils of the other groups. Hissink concludes that cal- 
cium is lost through leaching originally at the expense of calcium carbonate 
present, and that when it is exhausted, losses of exchangeable calcium from the 
clay material begin. The data recorded in tables 3, 4, and 5 lead to a similar 
conclusion. They indicate that the degree of unsaturation of the soils of group 
I is maintained by their store of calcium carbonate at a value which approxi- 
mates 20 per cent, and that it is not until the store is consumed that the 
degree of unsaturation commences appreciably to increase. 

It is probable that the calcium removed from the soil by leaching is initially 
present in solution either as unionized calcium bicarbonate or in the form of 
ions. The ions are probably derived chiefly from the dissolved calcium salt of 
the relatively strong bicarbonate ion, rather than from the very slightly ionized 
salts of the weakly acidic clay complex. If the state of equilibrium in the soil 
solution is displaced through loss under these circumstances, it would be 
restored almost entirely by further ionization of the calcium bicarbonate, 
which in turn would be replaced by solution of the calcium carbonate present. 

It appears advisable, therefore, both from the point of view of repression of 
ionization and the maintenance of the soil content of exchangeable calcium, 
to make provision in estimates of lime requirement for amounts of calcium 
carbonate in excess of those necessary for the creation of equilibrium conditions. 
The excess included for the purpose of forming a reserve must necessarily be 
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TABLE 11 

Comparison of net lime requirements as determined by (a) pH value method of Hardy and Lewis 
and ( b ) method of degree of unsaturation 


1ATI0 B/A 



tons CaCOa required to bring 

SOIL NUMBER 

(A) pH to 7.0* 

(B) Degree of un sat- 
uration to 20 per pent 


Group I. Soils in good condition 


c / 

M. 

64 

1.08 

0.00 

0 

c 1 

M. 

101 

0.54 

0.41 

0.76 

D 

M. 

181 

1.08 

0.00 

0 

E 

i MPD. 7 ! 

0.93 

0.03 

0.03 

( 

! CA. 

15 

1.31 

0.61 

0.47 

G 

! CPD. 1 

0.41 

0.86 

2.10 

1 

CA. 

16 

0.67 

1.05 

1.57 

- ( 

0 . 

59 

2.74 

0.00 

0 

A. 

10 

0.80 

0.00 

0 

Mean value 

0.55 


Group II. Transition soils 



Group III. Soils in poor condition 


A 

M. 50 

4.40 

7.37 

1.68 

B 

MPD. 9 

6.63 

10.36 

1.56 


W. 62 

2.46 

4.34 

1.76 


CPD. 3 

2.74 

4.50 

1.64 


CA. 2 

. 10.00 

9.82 

0.98 

n 4 

W. 106 

9.57 

8.23 

0.86 

U < 

WOA. 341 

1.66 

2.62 

1.58 


WOPD. 5 

8.71 

6.63 

0.76 


CA. 1 

11.16 

13.01 

1.17 


WOPD. 3 

8.61 

10.81 

1.26 


WOA. 320 

3.25 

3.79 

1.17 

H 

WOA. 339 

3.51 

5.74 

1.64 


WOA. 332 

4.82 

6.60 

1.37 


Mean value 1.34 


* The lime requirements in this column were calculated from data provided by Prof. F. 
Hardy. 
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greater than losses due to the action of rain water over the period during which 
the soil content of exchangeable calcium is being increased to its maximum 
value. In Great Britain these losses are estimated to amount to half a ton 
an acre (26). In the humid tropics they are undoubtedly larger, but their 
actual magnitude is as yet unknown. 

COMPARISON WITH RESULTS OBTAINED BY THE pH VALUE METHOD OF HARDY AND 

LEWIS 

Hardy and Lewis (14) have devised a method for determining the amount 
of lime required to reduce the acidity of soils to a pH value of 7.0. According 
to their procedure 10 gm. of soil is mixed with 40 cc. of neutral 0.2 N CaCl* 
solution and titrated with 0.03 N Ca(OH) 2 , which is added in successive por- 
tions of 5 cc. at 3-minute intervals with shaking. The pH value is determined 
after each addition by means of the quinh ydrone electrode, and the titration is 
continued until an alkaline reaction is obtained. The results are plotted in 
the form of a graph, from which the amount of calcium hydroxide, and hence 
calcium carbonate, required to give a pH value of 7.0 is read. For the purpose 
of comparison, table 11 records the net lime requirements of a selected series 
of soils, as determined by the method of unsaturation and by the alternative 
method of pH value of Hardy and Lewis. 

The data in this table indicate that: 

The net lime requirements of the soils of group I are larger when determined by the method 
of Hardy and Lewis than by the method of unsaturation. This may be explained on the 
grounds that although these soils are in equilibrium with calcium carbonate, they still contain 
readily exchangeable hydrogen, which is in part replaced by the treatment with calcium 
chloride and calcium hydroxide. 

The net lime requirements of the soils of group III, on the other hand, as a rule are con- 
siderably smaller when determined according to the pH value method than according to the 
method of unsaturation. This suggests that the amount of hydrogen replaced by the former 
method from soils in a condition of relatively high unsaturation is in general less than that 
required to reduce their degree of unsaturation to 20 per cent. 

The lime requirements as given by the two methods for the 16 soils of groups 
II and III are highly correlated, r being equal to +0.911, with P less than 0.01. 

SUMMARY 

There is considerable evidence that hydrogen and calcium together account 
for the great majority of the exchangeable ions present in the soils of humid 
climates. Upon the relative proportions in which these ions occur, and 
possibly also on their absolute amounts, the properties of such soils may be 
expected to depend. An investigation has therefore been made of the extent 
to which the calcium-hydrogen status of a series of soils is related to their field 
behavior, and upon the conclusions reached a method for determining lime 
requirement has been based. 
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1, Exchangeable calcium and hydrogen together (saturation capacity) were 
determined by leaching to two liters according to the modified method of Page 
and Williams. Exchangeable calcium was measured by the method of Hissink, 
and exchangeable hydrogen (saturation deficit) determined by difference. 
From these data the degree of unsaturation was calculated. 

A critical study of the procedure used has shown that: 

The mean values obtained for saturation capacity, exchangeable calcium, saturation deficit, 
and degree of unsaturation, from duplicate estimations on a single subsample, give a suffi- 
ciently close approximation to those obtained from the examination of a number of sub- 
samples for most purposes of soil differentiation and characterization. 

Only partial replacement results from leaching to two liters. Measurements of the degree 
of unsaturation based on a 2-liter (or possibly even a 1 -liter) extraction may nevertheless be 
used with a fair degree of confidence in comparative studies of soils, for, (a) constant results 
are obtained on repetition for the amounts of calcium and hydrogen removed, ( b ) the ratios 
of the values for degree of unsaturation, determined on the basis of 1-, 2-, 3-, and 4-liter ex- 
tractions, to those given by a 5-liter extraction, closely approximate constants, apparently 
independent of the type and saturation capacity of the soil, and (c) exchange of hydrogen 
occurs to such an extent that the ratios of replaced hydrogen to calcium in good and poor 
soils are sufficiently different adequately to reflect the dissimilarity in their properties. 

In the case of saturation capacity and saturation deficit the ratios of the 
values given by 2-liter and 5-liter extractions decrease significantly with 
increasing saturation capacity. The measurements obtained for saturation 
capacity and saturation deficit may therefore not be strictly comparable. 

II. The samples taken from the eight soil types examined were classified 
into three groups: 

Group I. Soils possessing an inherent good tilth 

Group II. Soils in the transition stage from group I to group III 

Group III. Soils possessing a badly impaired physical condition 

The data obtained have demonstrated that: 

1. No regular relationship exists between field behavior and magnitude of saturation 
capacity provided it is greater than 0.25 per cent CaO. 

2. The relationship between field behavior and the content of exchangeable calcium and 
the saturation deficit of the soil is markedly evident only in types of fairly uniform saturation 
capacity. 

3. The soils of groups I, II, and III each lie within fairly well-defined zones of unsaturation. 

Group I. 12 to 28 per cent, with a mean value of 21 per cent 
Group II. 30 to 35 per cent, with a mean value of 32 per cent 
Group III. Greater than 38 per cent 

The delimiting values of the three zones appear independent of: the nature of the colloidal 
material of the soils examined; the degree of colloidality of the soil; any variation which may 
occur in the soil content of exchangeable ions other than calcium or hydrogen; the agricul- 
tural history of the soils. 

The degree of unsaturation therefore appears to be a master factor controlling the field be- 
havior of the soil. The relatively small amounts of organic matter present in the soils exam- 
ined may aid in emphasizing its importance in this respect. 

4. A general tendency exists for the pH value of the soil to decrease with increasing un- 
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saturation, but frequent and striking irregularities occur which indicate that other factors of 
primary importance contribute to the determination of pH value. In consequence, the soils 
of groups I, II, and III are not well defined by their hydrogen-ion concentration. The soil 
content of organic matter appears to be an important disturbing factor. 

5. The modified procedure of Page and Williams gives much lower values than the titri- 
metric method of Hissink for the degree of unsaturation. A comparison of the values given 
by the two processes for a soil of low saturation capacity has afforded clear evidence that 
with the Hissink method reactions other than those of pure exchange occur. 

III. Evidence is adduced that the soils of group I are in equilibrium with 
calcium carbonate. If such is the case, the saturation deficits of these soils 
are measures of the extent to which hydrolysis can occur, and the degree of 
unsaturation is a measure of the proportion of the acidoid material hydrolyzed 
under these conditions. This suggests that the degree of unsaturation of the 
good soils is a measure of the amount of calcium with which they can stably 
unite, rather than an indication of the point at which the ratio of exchangeable 
calcium to hydrogen is such that the former ion exerts a predominating 
influence over the properties of the soil, although in the good soils such a state 
of affairs may exist. 

The limiting values found for the degree of unsaturation of the good soils 
(12 and 28 per cent) indicates that a considerable degree of variation with the 
soil occurs in the proportion of hydrolyzed material present under equilibrium 
conditions. This is probably due to variation in the strength of the acidoid 
material from soil to soil, a factor which may be inlluenced by the soil content 
and nature of humified organic matter. 

A table has been given of the net amounts of calcium carbonate required to 
reduce to 20 per cent the degree of unsaturation of soils of varying saturation 
capacities and degrees of unsaturation. 

Attention has been drawn to the need for maintaining a reserve of calcium 
carbonate in the soil, both for the purpose of repressing the ionization of the 
calcium salts of the acidoid material, and of preserving the degree of unsatura- 
tion at a value approximating to 20 per cent. 

A comparison has been made of the lime requirements of a series of soils as 
determined by the method of unsaturation and the pH value method of Hardy 
and Lewis. 
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In examining the literature on the subject of the decomposition of lignin or 
lignified tissues by means of microorganisms, one gets the impression that 
lignin, either in the free state or in the chemical form found in various lignified 
plant tissues, is comparatively resistant to the action of microorganisms. The 
present investigation was undertaken to determine whether lignin as it occurs 
in plant materials can be decomposed by the microorganisms found in the soil. 

Rose and Lissc (9) made a chemical examination of a sound sample of Douglas fir heart, 
also of one partly rotted, and of one almost completely rotted. They found that the percent- 
age of cellulose and pentosans decreased with tffe advance in the decomposition of the wood, 
whereas the alkali-soluble fraction and the percentage of methoxyl increased. They conclude 
from their results that lignin is far more resistant to decomposition than cellulose, although 
no direct determinations of lignin were made. 

Schrader (i0) found that bacteria were incapable of breaking down lignin prepared by the 
Willstiitter method, at least in the experimental period of 25 days. 

Pringsheim and Fuchs (8), after adding the necessary inorganic salts, inoculated alkali lignin 
with forest soil. The product obtained differed from the original material in containing up to 
one-half of its weight of substances soluble in alcohol, although the original lignin was practi- 
cally insoluble in alcohol. The alcohol-soluble fraction was found to have a smaller percent- 
age of methoxyl but a greater percentage of carbon than the original lignin. The fraction 
insoluble in alcohol showed some decrease in percentage methoxyl, but the percentage carbon 
was not affected. 

Bray and Andrews (2) and du Toit (14b studying the decomposition of wood with pure 
cultures of fungi and molds, found that the cellulose was rapidly decomposed, whereas the 
lignin remained practically intact. 

Smith (13), in studying the chemical changes in apple wood brought about by decay due 
to Polysticius versicolor Fr., found that the percentage lignin was greater in the sample of 
decayed wood than in the sound wood. The absolute quantity of lignin present in each case 
was not determined directly. Using an indirect method, however, Smith obtains data which 
show that the lignin was practically unattacked. 

Waksman (15) found that the lignins are more resistant to the action of fungi and bacteria 
than any of the other major ingredients of natural organic materials. The accumulation of 
lignin in the soil is believed by Waksman to account for a large part of soil humus. 

Waksman and Tenney (16, p. 405) as a result of their studies on the decomposition of vari- 
ous plant materials conclude that, “Lignins are not decomposed in the soil, at least within the 


1 The two first-named authors arc senior chemist and junior chemist, respectively, Color 
and Farm Waste Division, and the last-named author is senior bacteriologist, Division of Soil 
Microbiology, Bureau of Chemistry and Soils. 
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experimental period of 32 to 35 days. If they are decomposed at all, the amount of decom- 
position is only insignificant in comparison with the decomposition of the other constituents of 
natural organic matter.” 

Marcusson (7) determined the Cross and Beven cellulose and lignin in sound wood, in 
partly decayed wood, and in completely decayed wood. He found that when the material was 
first extracted on the water bath for 1 hour with 1 per cent sodium hydroxide solution and 
lignin determinations (fuming hydrochloric acid method) were made on this partly purified 
product, the percentage of lignin was about the same in all cases. The increase in alkali- 
soluble substances found by Rose and Lisse (9) in decayed wood was shown to be due to a 
degradation product of the cellulose. Waksman and Stevens (19) have shown, however, 
that the method used by Marcusson for the determination of lignin gives too low results 
because of partial removal of the lignin by the alkali. 

Falck and Haag (4) conclude from their studies that in the microbiological decomposition 
of plant materials two distinct processes take place, namely, “destruction” and “corrosion.” 
The effect of “destruction” is to decompose the cellulose and pentosans, the lignin being very 
little affected. “Corrosion” on the other hand causes slow decomposition of both lignin and 
cellulose. 

Schwalbe and Ekenstam (11) examined pine wood which had been rotted by Merulius 
lachrymans and found the percentage of lignin very high, 73 per cent, whereas the percentage 
of cellulose was only 15 per cent. No pentosans were found. The lignin isolated from the 
rotted material by the Willst&tter method was found to have a lower methoxyl content than 
that obtained by the same method from sound wood. 

Waksman and Tenney (17, 18) studied the decomposition of the rye plant by soil micro- 
organisms, as well as that of rye straw, cornstalks, and alfalfa tops. They found that the lig- 
nin decomposed less rapidly than any of the major plant constituents and conclude that 
(17, p. 332), “The accumulation of the lignins, which resist decomposition more than the other 
plant constituents, and the synthesis of microbial nitrogenous complexes account for the in- 
crease in soil ‘humus’ as a result of decomposition of natural organic materials.” 

EXPERIMENTAL METHOD 

In the experiments here reported four typical lignified plant materials were 
used; namely, cornstalks, oat hulls, corncobs, and wheat straw. The materials 
were dried at 105° C. and the following determinations were made: 

Pentosans were determined by Tollens* method. The directions given in 
the Book of Methods of the Association of Official Agricultural Chemists for 
carrying out this determination were followed (1). 

Cellulose was determined by the Sieber and Walter (12) modification of the 
Cross and Bevan method. Instead of Gooch crucibles, prepared as recom- 
mended by Sieber and Walter, Jena sintered glass crucibles were used. 

Lignin . The material was finely ground in a mill and the lignin determined 
by the fuming hydrochloric acid method of Willstatter and Zechmeister (2). 
The procedure recommended by Dore (3) was followed. 

Ash was determined by igniting a weighed sample with a Bunsen burner and 
weighing the nonvolatile residue. 

Methoxyl was determined according to the Kirpal and Biihn (6) modification 
of the Zeisel (5) method. To the hydriodic acid (10 cc.) 3 cc. phenol was added 
as recommended by Weishut (20). 

Nitrogen was determined by the Kjeldahl method. 

The results of the various determinations made on the original plant mate- 
rials prior to their decomposition by the soil microorganisms are given in table I. 
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MICROBIOLOGICAL EXPERIMENTS 

In order to determine whether the lignin present in cornstalks, oat hulls, 
corncobs, and wheat straw could be decomposed by the microorganisms of the 
soil, three series of experiments were conducted. In the first series, 10-gm. 
samples of the oven-dry (105°C.) materials were used and in the second and 
third series 25-gm. samples were employed. Czapek’s solution was used as 
the culture medium in the first series of experiments (table 2). At the end 
of the incubation period of the first series of experiments, it was observed that 
the pH of the medium was rather high (pH 8.0 to 9.0). In the second and 
third series of experiments a modified Czapek’s solution was accordingly em- 
ployed. In place of the sodium nitrate an equivalent quantitiy of urea was 
added. When the modified Czapek’s solution was used, the reaction of the 
medium remained close to neutrality throughout the experiment. The flasks 
containing the lignified plant materials were all inoculated with the same soil 


TABLE 1 

Composition of materials used in experiments with soil organisms 
(Analysis made on materials dried at 105 °C.) 


! 

MATERIAL 

! 

PENTOSANS | 

| 

CELL ("LOSE 
(CROSS 
AND 

BF.VAN) j 

LIGNIN 

ASH 

I 

-OCHi 

N 


per cent J 

per cent 

per cent 

per cent 

per cent ! 

per cent 

Corn stalks 

24.51 

52.4 

16.75 

5.28 

2.60 

1.08 

Oat hulls 

37.53 

51.5 

17.35 

6.04 

2.49 

0.23 

Com cobs 

36.18 j 

56 2 

23.90 

1.47 

2.23 j 

0.36 

Wheat straw 

28.53 ( 

56.4 

25.70 

5.33 

2.70 ! 

0.40 


infusion and incubated at 28°C. The incubation period for the first series of 
experiments was from October 8 to November 13 (table 2) and for the second 
and third series, from December 20, 1928, to January 14, 1929, and from Decem- 
ber 20, 1928, to February 20, 1929, respectively (tables 3 and 4). At the end 
of each incubation period the residual lignified material remaining in each flask 
was filtered off, washed with distilled water, dried at 105°C.,and weighed. From 
the results thus obtained the loss in weight due to the microbiological action 
was determined. The percentages of pentosans, cellulose, lignin, ash, methoxyl, 
and nitrogen contained in this dry material were then determined by afore- 
mentioned analytical methods. The result of each determination was calcu- 
lated on the basis of the initial weight of material used. By comparing these 
results with those obtained in the analysis of the materials in the original state, 
data were obtained showing the absolute loss of each constituent, brought about 
by the action of the microorganisms. The results of the first, second, and 
third series of experiments are recorded in tables 2, 3, and 4, respectively. 
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10 gm. material used in each experiment. Incubated from October 8 to November 13, 1928. 
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25 gm. material used for each experiment, except in case of wheat straw where 20 gm. was used. Incubated from December 20, 1928 to February 
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DISCUSSION 

It will be observed from tables 2, 3, and 4 that in every case a considerable 
decrease in the quantity of pentosans and cellulose (Cross and Bevan) resulted 
from the action of the soil microorganisms. The absolute quantity of lignin, 
as well as the percentage of lignin, showed a decided decrease in nearly all of 
the experiments. In some of the experiments the loss of lignin, was as great as 
that of the cellulose and pentosans and in some instances even greater. This 
indicates conclusively that the soil microorganisms are capable of breaking 
down the lignin present in lignified plant materials. The greatest loss occur- 
red in those experiments in which urea was used as the source of nitrogen. 
Whether by prolonged action the microorganisms of the soil are capable of 
breaking down all the lignin present, or whether a lignin degradation product 
is finally obtained which resists further decomposition, is not known. The ex- 
periments were not continued long enough to answer this question. Moreover, 
these experiments were conducted largely under aerobic conditions. Under 
strictly anaerobic conditions it may very well be, as some investigators hold, 
that the lignin is not decomposed, or at least only to a limited extent. 

In all these experiments, except one, the methoxyl content decreased. 
Methoxyl groups are present in lignin, and with the loss of lignin a decrease 
in the methoxyl content of the material is to be expected. The authors are, of 
course, aware of the limitations of the methoxyl determination as applied to 
such a natural product as straw or cornstalks. That by far the largest per- 
centage of the methoxyl found in lignified plant materials, such as straw*, corn- 
stalks, and corncobs, is clue to the lignin present may be accepted as reasonably 
certain. The results on the methoxyl determinations also indicate a loss of 
lignin. 

The fact that soil organisms are apparently capable of breaking down lignin 
as found in natural lignified plant materials in no way implies, of course, that 
they are equally capable of decomposing the lignin prepared either by the fuming 
hydrochloric acid method, by the 72 per cent sulphuric acid method, or by the 
alkali method. There is no evidence to support the claim that the lignin pre- 
pared in the laboratory is identical with the natural substance. The compara- 
tively strong reagents that are employed for the isolation of lignin undoubtedly 
bring about drastic changes in its composition. It would hardly be expected 
that the lignin obtained by the hydrochloric, sulfuric, or alkali, methods w’ould 
be identical with that in the plant substance. 

SUMMARY 

A study of the selective decomposition by soil microorganisms of the various 
constituents in cornstalks, oat hulls, corncobs, and wdieat straw 7 w*as made. 
The results indicate that a rapid decomposition of the pentosans and cellulose 
(Cross and Bevan) takes place. 

Under proper conditions soil organisms are capable of decomposing lignin 
as found in lignified plant materials. Under suitable conditions the rate of 
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decomposition of the lignin may be as great as that of the cellulose (Cross 
and Bevan) and pentosans. 
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The purpose of this paper is to present a brief discussion of the methods for, 
and the errors involved in, the determination of replaceable bases in soils; to 
discuss the results of some special studies on methods for the determination 
of replaceable bases in soils containing alkaline earth carbonates; and to give 
the results of special studies on the determination of base-exchange capacity 
by the NHi-absorption method. 

The determination of the replaceable bases is complicated by the fact that 
various kinds of soil substances react with salt solutions and dilute acids. As 
is well known, the reaction which takes place between the base-exchange ma- 
terial and electrolytes is characterized by an exchange of ions, but with various 
other constituents this is not necessarily the case. Certain minerals that occur 
more or less widely in soils yield bases to salt solutions probably chiefly as a 
result of decomposition and ordinary solution processes. For example, finely 
ground hornblende, biotite, serpentine, and wollastonite are comparatively 
easily decomposed by neutral salt solutions, thus bringing into solution notable 
amounts of the bases of these minerals. In fact a number of the primary 
minerals that are commonly present in soils in varying stages of decomposition 
and alteration react to some extent with the reagents which are ordinarily used 
in the determination of the replaceable bases. It is well known that calcium 
carbonate is soluble in solutions of ammonium salts. When calcareous soils 
are being investigated, it is not exceptional to find that the calcium equivalent of 
the dissolved carbonate may equal or even exceed the replaceable calcium. 

The importance of these incidental reactions, with the possible exception of 
those involving calcium carbonate, is apparently not always appreciated by 
students of base exchange, for it is common to report the data obtained by 
analysis of an extract of the soil as if all the calcium, magnesium, potassium, 
and sodium found had been replaced. Moreover, the treatment of ohe sub- 
ject at the hands of various investigators often gives the impression that the 
determination of the replaceable bases is a clear-cut and precise process simi- 
lar to the determination of total nitrogen or total calcium. As a matter of 
fact this is far from being true. When we consider that the nature of the equi- 

1 Paper No. 217, University of California, Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside, California. 
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librium between salt solutions and the exchange material makes it necessary 
to leach the soil for some time and with a considerable volume of the solution, 
that the salt solution inevitably dissolves or decomposes more or less of various 
minerals, that soils vary greatly in their leachability with the consequent varia- 
tion in the length of time of contact between the salt solution and the soil, and 
that the true end point of the exchange reaction is often difficult to determine, 
it is evident that the determination of the replaceable bases is not a highly ex- 
act process. As a matter of fact sometimes special care is required to obtain 
good duplicate results with different samples of the same soil. 

Ion exchange obviously denotes a reciprocal process. Upon treatment with 
a salt solution the soil not only gives up ions to the solution; it also absorbs an 
amount of base from the solution which is chemically equivalent to all of the 
ions that the base of the salt actually replaces from the soil. Substances which 
dissolve in the salt solution, or which react with the salt to form compounds 
that are unstable in the solution, will obviously yield quantities of base in 
excess of the amount that is absorbed. The extent to which solution and de- 
composition processes contribute to the results can be determined, however, 
by subtracting the sum of all cations that pass into the solution from the 
amount of that ion that is absorbed from the solution. 

Failure to recognize that certain soils contain substances which undergo an 
exchange of their bases with barium, for example, but not with the alkalies, 
and that barium or calcium may be absorbed by soils from an alkaline solution, 
which elements may then be brought back into solution by the use of a neutral 
salt solution, but not necessarily as a result of ion exchange, has given rise to 
different methods for the determination of the replaceable bases, of replace- 
able H-ions, and of the base-exchange capacity of soils. 

DETERMINATION OF REPLACEABLE BASES 

Two types of method for the determination of the replaceable bases are in 
use at the present time. The method more commonly used involves the di- 
gestion and leaching of a weighed sample of the soil with a neutral salt solution 
or weak acid, the bases thus brought into solution being then determined. 
With the other method the replaceable bases are separated from the soil by 
electrodialysis and are determined tn the dialysate. 

Mattson (10), Bradfield (1), Wilson (17), and others have compared the 
amounts of bases found by means of neutral salt extraction and by electro- 
dialysis, and have reported fairly good agreement with soils from the humid 
and have reported fairly good agreement with soils from the humid region. 
The results obtained in this laboratory are consistent with this conclusion. 
Since the presence of soluble salts, alkaline earth carbonates, and easily de- 
composable silicates affect the results obtained by electrolialysis as well as by 
neutral salt or weak acid extraction, not attention has been given in this study 
to the electrodialysis method. 

Gedroiz (3) pointed out that with soils containing carbonate a determination 
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of the carbonate (CO3) content of the soil both before and after neutral salt 
extraction affords a basis for calculating the extent to which calcium carbonate 
affects the results. Kelley and Brown (7) have found that this method is 
accurate if the soil does not also contain magnesium carbonate. Although 
Hissink (4) and Maclntire (9) have concluded that magnesium carbonate is 
nonexistent in humid soils, this is not the case with certain soils of semiarid 
regions. In fact it is possible that certain alkali soils contain both normal and 
basic carbonate of magnesium in addition to calcium carbonate. Inasmuch as 
all of these carbon** tes are soluble to some extent in ordinary salt solutions, 
the universal applicability of the Gedroiz correction is doubtful. 

Hissink’s method (4) for the determination of replaceable calcium in soils 
which contain calcium carbonate is as follows: 

A 25-gm. sample of the soil is first digested for several hours at a temperature of about 
70°C. with 250 cc. of N NaCl solution. The sample is then thrown on a filter and leached 
with fresh portions of the sodium chloride solution until two liters of leachate are obtained. 
The first liter of the leachate is kept separate from the second liter and calcium is determined 
in each liter separately. The calcium content of the first liter less that of the second liter is 
considered to be a measure of the replaceable calcium. This method involves the assumption 
that an equal amount of calcium carbonate is dissolved by each liter of the solution and that 
all of the replaceable calcium is removed by the first liter. 

Burgess and Breazeale (2) proposed the use of 0.1 N BaCl* solution for the 
determination of the replaceable bases of calcareous soils. If a large quantity 
of soil and a minimum of the barium chloride solution are used, they concluded 
that the replaceable calcium and magnesium can be determined accurately 
by this method. Burgess and Breazeale concluded, on the basis of special 
solubility studies, that unimportant amounts of calcium carbonate are dis- 
solved by barium chloride under the conditions of their method. Tjurin (15) 
holds, however, that “considerable and inconstant” amounts of calcium are 
brought into solution by the interaction of barium chloride and calcium car- 
bonate. 

Recently Magistad and Burgess (10) suggested the use of an ethyl alcohol 
solution of barium chloride instead of an aqueous solution of this salt. The 
solubility of calcium carbonate in ethyl alcohol is lower than in water; hence the 
error in replaceable calcium caused by the solubility of calcium carbonate is 
decreased. They suggest that for accurate results a correction should be 
applied to the calcium found in the leachate on the basis of the theoretical 
solubility of calcium carbonate in this reagent. 

According to Tjurin’s method (15), 10 gm, of soil is leached with successive 
500-cc. portions of N NaCl. The total content of carbonate and bicarbonate 
is determined in each portion of the leachate by titration with 0.02 N HC1 
methyl orange being used as indicator. Calcium and magnesium are also 
determined in each portion. When the sum of the calcium and magnesium 
no longer exceeds the carbonate and bicarbonate content of the leachate, the 
replacement of the calcium and magnesium is considered to be complete. The 
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difference between the sum of the calcium and magnesium in the several por- 
tions of the leachate and the total carbonate and bicarbonate expressed as 
chemical equivalents, represents the sum of the replaceable calcium and 
magnesium. 

Novak and Malac (12) and Hissink (6) have recently made comparative 
studies on the Hissink method and the ammonium chloride methods as out- 
lined by Gedroiz (3) and by Kelley and Brown (7). The results were widely 
divergent. It seems probable that in these investigations no correction was 
made for the solution of calcium carbonate by ammonium chloride. If this 
be the case, then the conclusions concerning the relative accuracy of these 
methods are invalid. 

In view of the limited and somewhat uncertain nature of previous studies on 
the various methods for the determination of replaceable calcium in calcareous 


TABLE 1 

Replaceable Ca as determined by different methods 


METHOD 

MILUEQUIVAUENTS PE* 100 CM. 
SOIL 

Ca 

NIL absorbed 

f 

NH 4 CI { 

0.00* 

0.00 

17.23 

17.01 

25.83 

1 26.08 

i 

21.24 

21.24 

, 

i 

Hissink j 

Burgess and Breazeale ( 

lj 

* Calcium equivalent of carbonate dissolved exceeded the total calcium in leachate. 

soils, it was decided to compare the ammonium chloride method, the Hissink 


method, and the Burgess and Breazeale method 2 on the carbonate-containing 
soil from California. The soil used is a dark-colored silt loam low in water- 
soluble constituents, and contains 6.9 per cent insoluble carbonate (C0 3 ). 
The methods as outlined by the original authors were followed as closely as 
possible. With the ammonium chloride method, total carbonate (C0 3 ) was 
determined both before and after the extraction and a correction was applied 
to the calcium data on the assumption that magnesium carbonate was non- 
existent in this soil. The data reported in table 1 reveal that this assumption 
was incorrect, for the equivalent of the dissolved carbonate exceeded the total 
calcium found; hence a part of the carbonate in this soil must be normal or 
basic magnesium carbonate. 

The replaceable calcium found by the barium chloride method of Burgess 

* When this part of the investigation was made the method proposed by Magistad and 
Burgess had not been published. 
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and Breazeale was somewhat in excess of the NH 4 absorbed from ammonium 
chloride. Whether this difference was occasioned by incomplete replacement 
of calcium and magnesium by NH 4 , or by errors that are inherent in the barium 
chloride method can not be stated definitely. Neither can the accuracy of the 
data obtained by the Hissink method be stated at present. 

Special studies on the Hissink method were made to determine more defi- 
nitely the approximate magnitude of the errors involved. For this purpose a 
neutral soil free from carbonate and low in water-soluble salts was used. Ten- 
gram samples of this soil, to which a known amount of calcium carbonate was 
added, were digested with 100 cc. of N NaCl at 70°C. over night. These solu- 
tions were then filtered and the soil was transferred quantitatively to a filter 
and leached with normal sodium chloride until 400 cc. of leachate was obtained. 
This amount of leaching is equivalent to 1,000 cc. for 25 gm. of soil. The 
leaching was then continued until another 400 cc. was obtained. Calcium 


TABLE 2 

Effect of CaCOi on the determination of replaceable Ca by the Hissink method ( 1 digested at 70°C .) 


SAMPLE 


Soil alone 


Soil -f 2J per cent CaCOj 


MILUTEQUTVALENTS Ca PER 100 GM. SOIL 


First 400 cc. 

Second 400 cc. 

Difference 

8.54 

0.00 

8.54 

8.40 

0.00 

8.50 

16.30 

3.32 

12.98 

16.60 

3.12 

| 13.48 

16.00 

3.32 

| 12.68 

16. 70 

3. 32 | 

13.38 


was determined in both portions. Similar experiments were made with this 
soil without adding calcium carbonate. The results are recorded in table 2. 
They show that under the conditions of this experiment a greater amount of 
calcium carbonate was dissolved in the first than in the second portion of the 
leachate, as is indicated by the fact that the difference between the calcium 
content of the first and second portions is considerably greater than that found 
where no calcium carbonate was added. 

Since the samples used in the foregoing experiment were first digested at an 
elevated temperature and then filtered and leached at ordinary laboratory tem- 
perature, as was recommended by Hissink, it seemed desirable to determine 
whether this preliminary digestion influenced the results. Accordingly 
another experiment was made with the same soil in which the preliminary di- 
gestion was made at room temperature. In all other respects the same tech- 
nique was employed as in the previous experiment. The results are recorded 
in table 3. It will be noted that the temperature factor materially affected 
the solubility of calcium carbonate, but had no appreciable effect on the re- 
placement of calcium. 
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By calculation it was found that the solubility of calcium carbonate was 
0.098 gm. a liter in the first experiment (heated to 70°C) and 0.062 gm. a liter 
in the second experiment (room terfiperature). Each of these quantities 
exceeds the theoretical solubility of calcium carbonate in normal sodium chlor- 
ide solution. Without going into a theoretical discussion of this fact it seemed , 
possible that different results might be obtained with soils which contain cal- 
cium carbonate naturally. 

Accordingly samples of three different calcareous soils consisting of 25 gm. 
each were digested at 70°C. over night with 250 cc. of neutral N NaCl. The 
soil and solution were then quantitatively transferred to a filter and leached 


TABLE 3 

Effect of CaCOt on the determination of replaceable Ca by the Hissink method (/oom temperature) 


SAMPLE 

MILLIEQUTVALENTS Ca PEE 100 GM. SOIL 

1 

First 400 cc. j 

Second 400 cc. i 

Difference 

Soil alone 

8.40 

0.00 

8.40 

Soil 4“ 2\ per cent CaCO, 

13.45 

3.81 

9.64 


TABLE 4 


The solution of CaCOi by normal NaCl under the conditions of the Hissink method 


SOIL NUMBEE 

MILLIE Q LTV* ALE NTS PEE 100 GM. SOIL 

First liter 

Second liter 

COi 

CO, 

Ca 

709 

■■hkmhh 

1.32 

1.28 

709 

■ ' v . 

1.32 

1.28 

534 

2.7? 

2.76 

3.44 

534 

2.64 

2.76 

3.28 

8563 

3.20 

2.40 

3.56 

8563 

3.24 

2.28 

3.16 


until two liters of leachate had been obtained. The amounts of carbonate 
dissolved in the first and second liters, respectively, were determined by titrat- 
ing 500 cc. with 0.1 iV H 2 S0 4 , methyl orange being used as indicator. The 
calcium content of the second liter was also determined. The results, cor- 
rected for water-soluble carbonate, are shown in table 4. 

It will be noted that the amount of carbonate found in the first liter of leach- 
ate from two of the soils is slightly in excess of that found in the second liter. 
If an elevated temperature had not been used in the preliminary digestion, it 
is probable that less carbonate would have appeared in the first liter of the 
leachate. With soils 534 and 8563 the second liter contained slightly more 
calcium than carbonate. It is probable, as was pointed out by Turner (16) 
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and Tjurin (15), that not all of the exchangeable calcium will be replaced by 
leaching 25 gm. of a highly calcareous soil with 1 1. of N NaCl solution. 

The preceding data indicate that, should a greater amount of calcium car- 
bonate be dissolved by the first liter of sodium chloride solution than by the 
second, the error thus introduced into the calcium data might be compensated 
for to some extent by the fact that not quite all of the exchangeable calcium 
is replaced by the first liter. Hence, upon subtracting the quantity of calcium 
found in the second liter from that in the first, approximately accurate figures 
for replaceable calcium may be obtained. 

The next experiment was made with the alcoholic barium chloride method as 
proposed by Magistad and Burgess. Ten-gram samples of the same carbonate- 
free soil that was used in the experiments reported in table 2 were digested at 
room temperature with 2()0 cc. of the barium chloride reagent both with and 
without the addition of calcium carbonate. After occasional shaking for two 
hours the soil was transferred to a filter and leached until 800 cc. of leachate had 


TARLE 5 

Replaceable Ca as determined by the alcoholic-BaCl a method of Magistad and Burgess 


SAMPLE 

i 

MILLIE Q VIV ALE NT S Ca PEE 100 Gif. SOIL 

First 400 cc. 

Second 400 cc. 

Difference 

Soil alone j 

8.34 

0.00 

8.34 

v { 

8.44 

0.00 

8.44 

f! 

9.88 

1.25 

8.63 

Soil + 2§ per cent CaCOj ^ i 

9.84 

1.30 

8.54 

i; 

9.78 

1.35 

8.43 


been obtained. Both the first and second 400-cc. portions of the filtrate were 
analyzed for calcium by the method as outlined by Magistrad and Burgess. 
The results are given in table 5. By subtracting the quantity of calcium found 
in the second 400 cc. of leachate from that of the first, approximately correct 
figures for replaceable calcium were obtained. These data indicate that by 
making a correction for the dissolved carbonate this method gives reasonably 
accurate results. Comparison of the data reported in tables 3 and 5 reveals 
that the solubility of calcium carbonate is considerably greater in an aqueous 
solution of sodium chloride than in alcoholic barium chloride. 

Inasmuch as the method of Magistad and Burgess entails considerable 
analytical detail in the separation of calcium from barium, the use of an alco- 
holic solution of potassium chloride was suggested. Accordingly, 10-gm. 
samples of the soil used^in the previous experiment, both with and without the 
addition of calcium carbonate, were digested at room temperature for one 
hour with 200 cc. of 0.2 N KC1 dissolved in 63 per cent ethyl alcohol. The 
suspensions were then filtered and the soil w as leached until 800 cc. of leachate 
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had been obtained. Calcium was determined in the first and second 400-cc. 
portions of the leachate. The results are given in table 6. 

Comparison of the data reported in tables 5 and 6 shows that the solubility 
of calcium carbonate is slightly lower in alcoholic potassium chloride than in 
alcoholic barium chloride. Subtracting the quantity of calcium found in 
the second 400 cc. from that in the first, gives good agreemnnt between the 
values. 

The foregoing experiments suggest that approximately accurate determina- 
tions of replaceable calcium can be made in calcareous soil by several different 
methods, provided, however, that other easily decomposable or soluble cal- 
cium compounds are not present. With soils which contain easily soluble 
silicates of calcium or gypsum, no method is known to the writers by which 
it is possible to determine the replaceable calcium. Since calcium carbonate 
is only slightly soluble in alcoholic potassium chloride, it is possible that the 
silicates of calcium are also quite insoluble in this solutiorf. If this be the case, 


TABLE 6 

Replaceable Ca as determined with alcoholic KCl 


SAMPLE 

MILU EQUIVALENTS' Ca PE* 100 CM. SOIL 

First 400 cc. 

Second 400 cc. 

Difference 


Soil alone j 


0.00 

0.10 

8.30 

8.10 

Soil + 2\ per cent CaCO a j 



8.33 

8.51 


then this method would be applicable to all soils except those which contain 
gypsum. 

By determining the replaceable potassium and sodium by the use of an am- 
monium salt, the replaceable calcium with alcoholic potassium chloride or 
barium chloride, and the total content of replaceable bases by the NH* ab- 
sorption method (discussed more fully in the second part of this paper) it is 
possible to determine the replaceable magnesium by difference. 

DETERMINATION OP BASE-EXCHANGE CAPACITY BY THE NH4- ABSORPTION 

METHOD 

“Base-exchange capacity,” as we use the term, refers to the total quantity 
of cations which the soil is capable of holding in a form that is replaceable by, 
and stable in, neutral solutions of calcium, magnesium, potassium, sodium, 
and ammonium salts. 

'The Hissink (5) method for the determination of the base-exchange capacity 
first determines the replaceable bases and then determines the content of re- 
placeable H ions by a special method. The sum of the quantities found, ex- 
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pressed as milliequivalents, represents the base-exchange capacity ( T ). His- 
sings method (5) for determining the H ion involves the treatment of the soil 
with an excess of barium hydroxide. Hissink (6) holds that the replaceable 
bases are present in the soil as salts of weak acids and that the salts hydrolyze 
to some extent when brought into contact with water. Consequently these 
salts can be completely saturated with a strong base, such as calcium, only in 
regions of high alkalinity (pH 10 or more). This view may be theoretically 
sound. It seems to be of doubtful value in connection with soil investigations, 
however, for the base-exchange material probably neither was formed under 
conditions of high alkalinity, nor do such conditions exist in ordinary soils. 
Acid soils become alkaline when an amount of barium equivalent to Hissings 
T-S values is added, but the same is true of colloidal silica and many other 
substances. 

When we consider that, in addition to the base-exchange material, other soil 
substances, such as silica, the oxides of iron and aluminum, and various primary 
and secondary minerals, are able to absorb barium hydroxide, and the barium 
hydroxide thus absorbed is readily brought back into solution upon leaching 
with a neutral salt solution, it is evident that the determination of the barium 
that has been absorbed from barium hydroxide does not give reliable evidence 
as to the replaceability of the absorbed barium. 

Several years ago Kelley and Brown (7) proposed the NH 4 - absorption 
method for the determination of the base-exchange capacity. According to 
this method the soil is first saturated with NH 4 and then the absorbed NH 4 
is determined. Formerly ammonium chloride was used to saturate the soil 
with NH 4 . Since it is not possible to effect complete replacement of H ions 3 
by ordinary leaching with ammonium chloride, Kelley and Brown (8) later 
recommended the preliminary treatment of acid soils with an excess of barium 
hydroxide. Their method is based on the principle that all of the replaceable 
bases of a soil, whether it be completely saturated with base or only partially 
so, can be replaced by NH 4 . 

A number of other methods for the determination of base-exchange capacity, 
either directly or indirectly, have been proposed, but inasmuch as the princi- 
ples involved do not differ materially from those of the Hissink and the Kelley 
and Brown methods, they will not be discussed here. 

The principles underlying the NHi-absorption method appear to be reason- 
ably sound. The total NH 4 -absorbing capacity of a soil is a quantity which 
probably has as much agricultural significance as Hissink’s ( T ) value, and, per- 
haps most important of all, this quantity gives a measure of total exchangeable 
ions, as ordinarily understood. Hence its determination makes it possible to 
distinguish between solution and decomposition processes, on the one hand, and 
replacement reactions, on the other. 

* The term “replaceable H ion,” as used here and henceforth in this paper, refers to the 
quantity that is equivalent to the amount of barium hydroxide necessary to bring a soil to 
pH 7.0. 
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The advantages of ammonium salts over the other neutral salts that have 
been recommended are: NH4 does not occur to any important extent in the 
natural soil; the absorbed and therefore replaceable NH4 can be determined 
readily and accurately; NH4 probably does not form insoluble compounds with 
components of the soil other than the exchange complex. Such substances, 
for example, as the addition compounds that are formed by an excess of cal- 
cium hydroxide or barium hydroxide, the precipitation products that may 
occur naturally or are readily formed artificially in alkali soils, and the inter- 
mediate and unstable products of weathering that occur in the relatively im- 
mature soils of semiarid regions, do not form insoluble compounds with NH 4 . 

The results of special investigations with reference to the completeness of 
replacement of cations by NH 4 and the precise determination of the absorbed 
NH 4 are presented in the following pages. 

Effect of time of digestion 

Kelley and Brown (7) found that preliminary digestion of the soil with am- 
monium chloride at 70°C., followed by leaching with ammonium chloride 


TABLE 7 

Effect of time of digestion on the amount of NH\ absorbed from ammonium acetate 


TIME OF DIGESTION 

MILLTEQUIVALENTS NHi ABSORBED rER 100 GM. SOIL 

20 minutes 

, 26.25 

15 hours 

28.96 

60 hours 

29.72 

72 hours 

29.44 


solution, brought about the absorption of a greater amount of NH 4 than mere 
leaching at room temperature. To determine the effect of more prolonged 
heating, 10-gm. samples of a neutral, carbonate-free soil, were digested with 
250 cc. of neutral N CHaCOONHi (ammonium acetate) at 70°C. for periods 
of 20 minutes, 15, 60, and 72 hours. The soils were then filtered and leached 
until a volume of 400 cc. had been obtained. After removing the electrolyte 
by washing with methyl alcohol the absorbed NH 4 was determined by aera- 
tion. 4 The results are reported in table 7. These data show that complete 
replacement was not effected when the digestion was limited to 20 minutes 
but became approximately complete within 15 hours. 

Replacement of H ions 

Inasmuch as complete replacement of H ions is not effected by ordinary 
leaching with ammonium chloride, Kelley and Brown (8) recommended the 
preliminary treatment of the soil with an excess of barium hydroxide as a 

4 A modification of the well-known aeration method for the determination of NH* in soils 
has been worked out by A. P. Vanselow of this laboratory. This method has been used in 
all of the work reported in this paper. 
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means of replacing the H ions with barium, thus bringing the soil into a state 
of complete base saturation. Recently Schollenberger (14) suggested the use 
of ammonium acetate in place of ammonium chloride. Among other advan- 
tages, this salt will effect more complete removal of replaceable H ions than will 
ammonium chloride. That acetates will replace more H ions under ordinary 
leaching conditions than the corresponding chlorides is well known. Parker 
(13) has recently shown that the amounts of replaceable H ions, as determined 
by titrating acid soils to pH 7.0 with barium hydroxide and by the barium ace- 
tate method, are practically identical. His data suggest that complete re- 
placement of H ions might be effected by leaching with neutral ammonium 
acetate solution. 

In order to study this point, a comparison was made on a series of soils of 
the amounts of NH* absorbed from ammonium acetate both 'with and without 
preliminary treatment of the sample with barium hydroxide. With the barium 


TAI.LE 8 

A7/ 4 absorbed from ammo iium acetate with attd without preliminary Ba(OH)n treatment 




MILUEQUIVALEKTS XHi ABSORBED PER 100 CM. SOIL 

SOIL 

pH 

Without preliminary 
treatment 

Treated with Ba(OH)» 

4 31* 

3.65 

29.66 

30.48 

7576 

4.77 

61.45 

62.11 

3252 i 

5.19 

7.98 

8.43 

7526 

5.50 

46.71 

46.74 

11952 i 

5.15 

15.26 

16.51 

7092 ! 

7 41 

15.93 i 

15.77 

7891 ! 

7.72 i 

3.33 

3.45 

7575 

5 . so ; 

108.90 

115.15 


* This sample had first been leached with 0.05 x HC1. 


hydroxide treated scries, 10-gm. samples were digested with 100 cc. of 0.1 X 
Ba(OH)2 for 24 hours. The soils were then filtered and taken up with 100 
cc. of neutral N CH3COONH4. These suspensions were digested at 70°C. 
for 15 hours, filtered, and leached until the leachate was free from calcium 
and barium. The excess of ammonium acetate was washed out with methyl 
alcohol and the absorbed NH 4 was determined by aeration. The same general 
technique was used with the other series. The results are given in table 8. 
With the exception of a peaty soil, 7575, the results of the tw*o series are in 
reasonably close agreement. They are in harmony with Parker’s (13) data. 
Whether the slight increases in absorbed NH 4 incident to barium hydroxide 
treatment of the samples, were occasioned by the replacement of small quanti- 
ties of H ions that were not replaced directly by NH 4 , or to the synthesis, under 
the influence of barium hydroxide, of a compound possessing base-exchange 
properties, or to some other factor, is not known. In any case it appears that 
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for all practical purposes neutral ammonium acetate will replace the H ions 
completely without preliminary treatment of the soil with barium hydroxide. 

Effect of calcium carbonate on the absorption of NH\ 

In view of the high solubility of calcium carbonate in ammonium acetate, it 
is possible that the calcium-ion concentration produced by the solution of 
calcium carbonate might be sufficient to prevent the complete replacement of 
exchangeable calcium by NH4. To test this point, different quantities of cal- 
cium acetate were added to a series of normal ammonium acetate solutions 
and these solutions were then employed in the determination using a carbonate- 
free soil. The results reported in table 9 show that a concentration of 10 p.p.m. 
calcium exerts no measurable influence on the absorption of NH< from a normal 


TABLE 9 

Influence of Ca ions on absorption of Nil 4 by soils 


Cal N SOLUTION 


M1LLIEQUIVALENTS NH* ABSORBED PEE 100 Gil. SOIL 

p.p.m. 

0 


28.96 

5 


28.70 

10 


29.22 

500 


26.44 

1,000 


25.90 


TAIJLE 10 

Influence of CaCO 3 on 

the absorption of Nil a 

PER CENT CaCOi ADDED TO SOIL 


MILLIEQUTVALENTS NH 4 ABSORBED PEE 100 GU SOIL 

0.00 


28.96 

0.09 


29.08 

2.91 


29.28 

4.75 


26.83 

6.55 


25.82 


solution of ammonium acetate, but that concentrations of 500 and 1,000 
p.p.m. do exert some effect. 

In another experiment varying quantities of purified c.p. calcium carbonate 
were added to 10-gm. samples of a neutral carbonate-free soil. The samples 
were then treated with normal ammonium acetate in the usual way. The 
absorbed NH4 is reported in table 10. These data demonstrate that calcium 
carbonate, if present in relatively large amount, may interfere with the re- 
placement of calcium and therefore affect the accuracy of the results. In 
order to guard against this possibility the sample should be leached with am- 
monium acetate until the leachate is practically free from calcium. 

Before making a direct determination of the absorbed NH« it is, of course, 
necessary to remove the occluded ammonium salts. For some time we have 
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leached out the ammonium salts with methyl alcohol, using the Nessler test 
to determine the end point. In connection with studies on this point it was 
found that the methyl alcohol leachate continued to give an appreciable test 
for NH 4 indefinitely. In an effort to determine whether this continued test 
for NH 4 represented traces of electrolyte still remaining in the soil or the loss 
of NH4 split off from the exchange complex, the following study was made: 

Six 10-gm. samples of a neutral soil were digested and leached with normal neutral ammon- 
ium chloride in the usual way. They were then washed with 200 cc. of double-distilled methyl 
alcohol. At this point the leachate gave only a faint test for NHU. Three of the samples 
were then washed with an additional 500 cc. of methyl alcohol. NH 4 was then determined in 
all the soil samples by the aeration method. NH 4 and chlorine determinations were also 
made in the last 500 cc. of washings. 

The results are given in table 11. These data indicate fairly conclusively 
that NH 4 may be lost from the exchange complex by washing with an excess 
of methyl alcohol. Inasmuch as the alcohol leachings w r ere perfectly clear, 


TABLE 11 

Loss of N U 4 from soil by prolonged washing with methyl alcohol 


1 

VOLUME OF METHYL 
ALCOHOL USED 

MILLIEQUIVALENTS PE* 100 CM- SOIL 

1 

NH« absorbed 

1 1 

! NTH« in last 500 cc. of j 
| washings 

Chlorine in last 500 cc. 
of washings 

CC. 




200 

r^. 

od 

(-4 



200 

28.32 



200 

28 57 



700 

27.17 

0.68 

Trace 

700 

27.17 

0.80 

Trace 

700 j 

27.27 


Trace 


the loss of NH4 was probably not due to the passage of colloidal material 
through the filter paper. 

The methyl alcohol used in the foregoing experiment was found to be dis- 
tinctly acid. Thus far we have been unable to obtain neutral methyl alcohol 
even by distillation over lime and sodium hydroxide. Apparently the avail- 
able supply of this alcohol contains some aldehyde or ketone, which oxidizes 
to an acid in the vapor phase during distillation. When allowed to stand in 
contact with sodium hydroxide for several weeks, the alcohol became brown 
and viscous, indicative of the presence of aldehydes or ketones. 

Further studies upon the losses of NH 4 occasioned by leaching with methyl 
alcohol strongly indicated that the losses noted in the last experiment were due 
to traces of acid in the alcohol. 

To test this point further one quantity of redistilled methyl alcohol vras ad- 
justed to pH 7.0 with dilute ammonium hydroxide and another with sodium 
hydroxide. These solutions were then used in comparison with the original 
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methyl alcohol. The soil samples were first saturated with NH4 by leaching 
with ammonium acetate solution and the occluded ammonium acetate was 
then displaced by leaching with neutral ammonium chloride. The electrolyte 
was removed by leaching with the aforementioned supplies of methyl alcohol, 
the chlorine test being used to determine the end point. The results are 
shown in table 12. 

These data indicate that the loss of NH 4 , occasioned by the acidity of the 
methyl alcohol, can be overcome by neutralizing the alcohol with ammonium 
hydroxide. The data also indicate that it is not permissible to neutralize the 


TABLE 12 

Influence of pH of methyl alcohol upon the determination of the absorbed NI1\ 


pH OF ALCOHOL 

VOLUME OF LEACHINGS 

MILLIEQUIVALENTS NHi ABSORBED 
PER 100 CM SOIL 

5.2 

CC. j 

300 

28.9 

7.0 (neutralized 

220 

31.3 

with NH 4 OH) 



7.0 (neutralized 

300 

31.9 

with NH 4 OH) 



7.0 (neutralized 

500 1 

31.5 

with NH 4 OH) 



7.0 (neutralized 

400 

28.0 

with NaOH) 

t 

1 



TABLE 13 

NHi absorbed by soil as determined by making correction for the electrolyte left in the soil 
Milliequivalents per 100 gm. soil 


TOTAL NH 4 


\H* AS NHiCl i DIFFERENCE « NH< ABSORBED 


44.73 

45.62 

50.40 


13.42 ! 31.31 

14.50 , 31.12 

19.20 j 31.20 


alcohol with sodium hydroxide, for the sodium ions thus introduced into the 
solution may replace a part of the absorbed NH 4 . 

In order to eliminate the necessity for leaching with methyl alcohol, an ex- 
periment was made to determine the amount of electrolyte that is left in the 
soil after it has been saturated with NH 4 . Where ammonium chloride is used, 
determinations of NH 4 and chlorine in the sample make it possible to estimate 
the amount of NH 4 that is held in exchangeable form without the necessity of 
leaching out the electrolyte. 

The samples, after treatment with the ammonium salt, were transferred 
directly to Kjeldahl flasks and NH 4 was determined by aeration. The amount 
found obviously included both the absorbed NH 4 and that present as ammo- 
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nium chloride. After the aeration was complete the contents of the flasks were 
acidified with nitric acid and chlorine determinations were made. By sub- 
tracting the NH 4 equivalent of the chlorine from the total NH 4 found, the ab- 
sorbed NH4 is obtained. The data are reported in table 13. The close 
agreement between the results obtained by this method and those obtained 
by washing out the electrolyte with methyl alcohol adjusted to pH 7.0 with 
ammonium hydroxide, indicates that either method may be used with 
confidence. 

As has already been stated, the absorbed NH 4 was determined by the aera- 
tion method. Special experiments made to test the accuracy of this method 
have shown that it permits of practically complete recovery of the absorbed 
NH 4 . Under the conditions of this method the organic nitrogen compounds 
are not odidized to NH 4 , whereas more or less oxidation may take place when 
distillation methods are used. 


CONCLUSIONS 

The determination of the replaceable bases of soils is not highly exact. The 
results are likely to be complicated by solubility and decomposition processes, 
which take place between the solutions used and various constituents of the 
soil. Such constituents are probably most important in relatively immature 
soils of dry climates. 

The Hissink sodium chloride method, the alcoholic barium chloride method 
of Magistad and Burgess, and the method involving the use of alcoholic po- 
tassium chloride all give reasonably accurate results for the determination of 
replaceable calcium in calcareous soils, provided other soluble or decomposable 
calcium compounds are absent from the sample. If the soil contains such 
compounds it is probable that the replaceable calcium cannot be determined 
accurately by any method. 

The base-exchange capacity of the soil can be determined by digesting and 
leaching the sample with normal ammonium acetate solution. This solution 
brings about approximately complete replacement of the H ions without the 
necessity of treating the sample with an excess of alkali. It was found that 
methyl alcohol is useful for the removal of the occluded electrolyte but that it 
is necessary to employ as nearly neutral methyl alcohol as possible. If the 
methyl alcohol is acid, its H ions may replace more or less of the absorbed NH 4 
and thus introduce an appreciable error. The absorbed NH 4 can be accurately 
determined by aeration in the presence of sodium carbonate. 
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Attempts to modify the pathogenicity or symbiotic activity of Rhizobium 
radicicolum have generally met with failure. It has never been satisfactorily 
demonstrated that the root-nodule bacteria can be modified to grow on the 
rootlets of non-legumes. Cross inoculation between legume groups has been 
recorded but the possibility of extending the power of cross inoculation, if 
present, or of causing it to develop, if absent, beyond the natural limits of the 
strain of Rhizobium radicicolum has not been satisfactorily demonstrated (3). 
It is obvious that if cross inoculation between legumes cannot be induced or 
increased, it is useless to attempt inoculation of non-legumes with legume 
organisms. 

In increasing the virulence of animal pathogens various procedures are 
followed. Growing the organism on the blood of the host, injecting the organ- 
ism into tissues where it is less subject to the natural immunity of the host, or 
injecting massive doses to reduce the resistance of the host or exhaust its 
defensive mechanism, frequently results in the development of increased viru- 
lence. By these methods it is possible to cause non-pathogenic organisms to 
acquire some degree of pathogenicity, and pathogenic organisms which have 
lost their virulence to regain it. The degree of increase in pathogenicity is 
limited to a greater or less extent according to the species. Both the factors 
of adaptation and selection take part in the changes that occur. That Rkizo- 
bitm radicicolum can be modified by exposure and selection has been demon- 
strated by Burke and Burkcy (11. 

Similar methods were applied by the authors in attempting cross inoculation 
between the different groups of legumes. It was also considered that if 
failure of cross inoculation depended on the inhibition of heterologous organ- 
isms by the plant juice this inhibitory factor might be utilized as a means of 
identifying strains. 


EXPERIMENTAL 

Nodule producing organisms were isolated from nodules on the rootlets of 
red clover (group 1), vetch (group 4), and alfalfa (group 2). To eliminate 
existing variations as an interfering factor, in making isolations from the 
nodules several typical colonies were selected and a composite stock culture 
was made from them. Each strain isolated produced nodules on the homolo- 
gous but not on the heterologous legumes. 

407 
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The legume seeds were inoculated and planted, and the plants were kept 
under observation for three months or longer in many cases. In some cases 
nodules were produced in 21 days. The method of growing the plants was that 
of Garman and Didlake (2). Uninoculated seeds were planted as controls. 
Each inoculation was in triplicate. 

Experiment 1 

The object of experiment 1 was to determine the effect of exposure to heterol- 
ogous legume extract on the specificity of strains of Rhizobium radicicoltim . 

An alfalfa extract was prepared by grinding alfalfa roots in distilled water 
and sterilizing by filtering through a Berkefeld “W” filter. The filtrate was 
clear, yellowish, and transparent. 

The vetch and red clover strains of Rhizobium radicicoltim were grown on this 
medium for three months. Transplants were made every two weeks. The 
medium was favorable, as the organisms produced heavy growths. This 
favors the view that failure to produce nodules on heterologous legumes is 
not due to any inhibitory action of the plant juice. In order to avoid intro- 
ducing any unnecessary changes, the plant juice used in this experiment was 
not sterilized by heat. 

The vetch and red clover strains were next placed on alfalfa seeds and these 
planted and examined as previously described. As controls, vetch and red 
clover seeds were inoculated and planted as well as uninoculated seeds. The 
inoculated alfalfa seedlings failed to develop nodules. The vetch and red 
clover seedlings developed nodules. All other seedlings failed to develop 
nodules. 

The results obtained favor the view that the nodule-forming character of 
Rhizobium radicicoltim is highly group specific and not readily modified by 
exposure to the plant juice of a legume from another group. The experiment 
was repeated with various modifications in the technique used. The alfalfa 
root extract was added to equal parts of Ashby’s medium and the organism 
grown on this. Extracts were made from the leaves and stems. Extracts 
from leaves, stems, and roots were sterilized by heat instead of by filtrations. 
In ho case did prolonged growth on these extracts alter the nodule-production 
character of the vetch and red clover strains. 

Since prolonged exposure to alfalfa extract failed to alter the specificity of 
red clover and vetch strains, these strains were exposed to living tissue. It 
was hoped that this experiment would determine whether the nodule-forming 
requirements of the strains can be modified by this method and whether 
failure to form nodules on heterologous legumes is due to the inhibitory action 
of the plant tissue. 


Experiment 2 

The object of experiment 2 was to determine the effect of exposure to living 
plant tissue on the specificity of strains of Rhizobium radicicolum. 
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Well-developed alfalfa plants with a stalk about one-half inch in diameter 
and without nodules were removed from the soil and washed thoroughly. The 
roots were sterilized in a 1:1,000 mercuric chloride solution for 15 minutes. 
They were then washed in several changes of sterile water and placed in flasks 
containing a nutrient solution. A cotton wrapping about the stalk at the 
mouth of the flask prevented contamination. 

The nutrient solution remained sterile, indicating a satisfactory technique. 
The plants were now removed from the flasks and a “A” shaped cut was made 
through the outer layer of the root. The flap was loosened, a loopful of culture 
inserted, and the flap pressed into position. Two alfalfa plants were thus 
inoculated with the vetch strain and two with the red clover strain of nodule- 
forming organisms. The alfalfa plants were returned to the flasks and kept 
for three months. The “A”-shaped incision was above the nutrient solution, 
which remained sterile. The plants were then removed, the “A”-shaped flaps 
again loosened, and cultures made. In each case the strain inoculated was 
isolated in pure culture. Each strain was tested for nodule production of the 
homolgous legume and on alfalfa. In each case the strain produced nodules 
on the homologous legume but not on alfalfa. 

The results obtained indicate that specific nodule formation of strains of 
Rhizobium radicicolum is not readily modified by exposure to living plant tissue. 
This and the preceding experiment also indicate that failure to produce nodules 
is not due to any bactericidal action of the plant tissue. Bacteriostatic action 
may occur in the living tissue but since none occurred in fresh plant extract 
and the organism survived for a long time in living tissue, we must consider 
that such action, if present, is slight. 

In our experiment, we attempted to modify only the nodule-producing or- 
ganism. Since nodule formation depends on both the legume and the bacteria, 
positive results might be obtained by modifying both at the same time. The 
practical value of artificially modifying the legume plant is obscure. Natural 
modifications do occur in nature and the duplication of these experimentally 
to determine the possibility of cross inoculation is worthy of attention. 

The possibility of separating the different strains of Rhizobium radkicolum 
by the rate of growth in legume extract was considered. Experiment 1 demon- 
strated that little, if any, bacteriostatic action for heterologous strains was 
present in legume extract. The following experiment was designed to deter- 
mine this more accurately. 


Experiment 3 

The object of experiment 3 was to determine the comparative rate of growth 
of strains of Rhizobium radicicolum in homologous and heterologous legume 
extract. 

Extracts of red clover, vetch, and alfalfa were prepared by macerating the 
roots in water and sterilizing by filtering through a Berkefeld “W M filter. A 
sample of each extract was inoculated with red clover, vetch, and alfalfa strains 
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of Rhizobium radicicolum . The cultures were examined after 12, 24, and 30 
hours. No differences between the rate of growth in the homologous and heter- 
ologous extracts could be detected. 

The red clover strain cultures showed definite growth in 12 hours, the alfalfa 
strain in 24 hours, and the vetch strain in 30 hours. Other cultures were 
obtained and tested for rate of growth to determine whether certain strains 
consistently grew more rapidly in legume extract. The results, given in 
table 1, are not definite. They indicate some variation in rate of growth be- 
tween strains and between different cultures of the same strain. Whether 
this difference can be utilized to separate strains remains to be determined. 


TABLE 1 

Rale of growth of strains in legume extracts and in plain broth 


STRAIN, BUM ILL 

VETCH EXTRACT 

1ED CLOVE* EXTRACT 

ALFALFA EXTRACT 

PLAIN BROTH 

CLASSIFICATION 

12 

24 

30 



H 



11 

12 

24 

30 


hours 

hours 

hours 



Bssa 



IB 

hours 

hours 

hours 

1* 

xf 

XX 


X 

XX 


X 

XX 


X 

XX 


1 Wis. 

X 

XX 


X 

XX 

. . . 

X 

XX 


X 

XX 

. . . 

1 W.S.C. 

X 

X 


X 

XX 


X 

XX 


X 

XX 


2* 

— 

X 

XX 

— 

X 

XX 

— 

X 1 

XX 

— : 

X | 

XX 

2* 

X 

XX 


X 

XX 


X 

XX 


X 

XX 


2 Wis. 

X 

XX 


X 

XX 

. . . 

X 

XX 


X 

XX 

. . . 

2 W.S.C. 

— 

— 

X 

— 

— 

X 

— 

— 

X 

— 

— 

X 

4* 

— 

— 

X 

— 

— 

X 

— 

— 

X 

— 

— 

X 

4 Wis. 

— 

X 

X 

— 

X 

X 

— 

X 

X 

— 

— 

X 

4 W.S.C. 

1 — 

X 

X 


X 

X 

— 

X 

X 

— 

X 

X 

5 Wis. 

— 

— 

X 

— 

— 

X 

— 

— 

X 

— 

— 

— 

5 W.S.C. 

— 

X 

X 

— 

X 

X 

— 

X 

X 

— 

— 

X 

6 W.S.C. 

— 

X 

X 

— 

X 

X 

— 

X 

X 

— 

X 

1 

X 


* Isolated for these experiments. Wis. Obtained from the University of Wisconsin. 
W.S.C. Washington State College laboratory cultures, 
t x indicates faint growth; xx, heavy growth. 


CONCLUSIONS 

Legume tissue and extract do not have bactericidal action on heterologous 
strains of Rhizobium radicicolum. The extract alone does not have bacterio- 
static action and probably the tissue does not. 

Exposure to heterologous legume tissue and extract does not cause strains 
of Rhizobium radicicolum to change their specificity. Cross inoculation between 
certain of the legume groups is not made possible by this method. Whether 
the symbiotic activity of a strain for homologous legumes can be increased 
by exposure to plant juice or living plant tissue was not determined. It is 
probable that the limit of symbiotic activity of any strain depends upon ex- 
posure resulting in increased adaptation to the host and selection of the most 
active cells. 
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Different strains and different cultures of the same strain vary in their rate 
of growth in legume extract. The rate of growth in homologous and heterol- 
ogous legume extract is the same. Whether the rate of growth of different 
strains varies sufficiently to be useful in identification is unknown. 
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The method of separating crystalloids from colloids by diffusion, accelerated 
by an electric current, is well known in colloid chemistry. The literature on 
the subject has been summed up by Ilumfeld and Alben (2). The application 
of this principle to soil problems is chiefly due to Mattson, whose work on 
elec t rod ialy zed clays is well known. He has shown, for instance, that ex- 
changeable bases in soils can be determined by this method, and the results 
obtained agree with those obtained by neutral salt displacement. 

The Mattson cell consists of three compartments separated by a semiperme- 
able membrane, such as parchment. The colloidal solution is placed in the 
middle section, and the outside ones are filled with distilled water. One of the 
outside sections contains a platinum gauze anode, and the other a copper or 
nickel cathode. When a potential difference of 20 to 200 volts is applied at 
these electrodes, the exchangeable bases collect as hydroxides in the cathode 
compartment, and can be determined by simple titration. 

Bradfield, who confirmed Mattson’s results (1), introduced a two-compart- 
ment cell consisting of an alundum extraction thimble, which is supported by a 
nickel cathode suspended in a specially constructed glass cell with a side arm. 
The platinum foil anode is placed on the inside of the alundum thimble. By a 
constant-level arrangement that maintains a flow of water, the exchangeable 
bases that appear in the cathode are continuously removed. The electro- 
dialysis is continued until the dialysate gives no coloration with phenophthalein. 

While working on similar lines, it appeared to the author that the technique 
could be further simplified to make possible the employment of the method for 
routine work in soil laboratories. With that object in view, two apparatuses, 
A and B, were devised and are described in the following. As will be seen later, 
they are based on a slightly different principle from the one hitherto employed, 
and for the sake of convenience of reference the name “Electrofiltration” is 
proposed. 


APPARATUS A 

Apparatus A is shown in figure 1. It consists of a glass cylinder (about 2.5 
inches in diameter), a perforated copper disc provided with a screw for electrical 
connections, and a glass funnel provided w ith a flange, fitting exactly against 
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the flange of the cylinder. Attached to the perforated disc are two copper 
rings with diameter slightly greater than the flanges of the funnel and the cylin- 
der, and in which the latter fit snugly. A filter paper (preferably Watman 
50) is placed on the copper disc and the flange of the cylinder is dipped 



Fig. 1. Diagram of Electrofiltration Apparatus A 

into molten wax; after the excess wax is shaken off, the cylinder is attached 
to the disc with the filter paper interposed between. The flange of the funnel 
is also dipped into molten wax and attached to the other side of the disc. The 
flanges of the cylinder and funnel are then clamped together by brass rings 
provided with thumb screws (not shown in the diagram). Later it was found 
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preferable to have rubber washers attached to the flanges of the cylinder and 
the funnel. 

The cathode is the copper disc, and the anode a platinum wire gauze. 
Attached to the wooden lid holding the anode is a U-tube for circulating cold 
water when the apparatus is running. The electrodes are connected to the 
electric main, and the current density is kept below 0.5 ampere by a lamp 
resistance. The current flowing through the apparatus is further regulated by 
moving the anode up or down as required. The apparatus can be left running 
overnight because when the level of water goes down below the anode the 
current is automatically shut off. Ten to twenty grams of the soil can be 
used at a time and the filtration is fairly rapid, for the tendency of the soil 
colloids is to move upward toward the anode, therefore there is no risk of the 
filter paper being clogged. 

When the level of the water goes down, more is poured in, therefore a con- 
stant-level device was not found necessary. In fact the apparatus can be left 
to take care of itself after being started, and water filled in again when the first 
lot has more or less filtered through. The filtrate is collected all together or in 
several lots and titrated for total bases. It is better to back-titrate after add- 
ing excess of standard acid, as suggested by Bradfield. When the filtrate gives 
no color with phenolphthalein all the exchangeable bases have been removed. 
The anode is lifted along with the cooling device when the experiment is over. 
The apparatus can be dismantled, hot water being used for dislodging the wax, 
and can be reassembled in about 10 minutes. 

It might be noted that there is no limit to the size of the apparatus. From 
a specimen jar 6 inches in diameter and with the base knocked off, the top of a 
vacuum desiccator, and a f>erforated brass disc having raised rims, an electro- 
filtration apparatus was assembled, with the help of rubber washers and suit- 
able clamps, which worked quite satisfactorily, and could deal with about 500 
gm. of soil at a time. Two U-tubes were used for cooling in this case. 

APPARATUS B 

Apparatus B, shown diagrammatically in figure 2, is much simpler, and very 
suitable for preparing soils free from exchangeable bases. It consists of a glass 
funnel and a perforated copper cone, which serves as the cathode. The anode 
is a platinum gauze (a platinum wire shaped into a coil serves equally well) 
attached to a glass tube, held in a wooden cover which also holds a V-shaped 
glass tube (not shown in the diagram) for circulating water. A filter paper is 
fitted into the copper cone as in ordinary filtration, and after the cone is filled 
with soil suspension the electrodes are connected with the electric main as in 
apparatus A. 

Instead of a stout perforated cone, a nickel or copper gauze shaped like a 
cone can be used. A stout filter paper is preferable, but almost any brand can 
be used. The amount of soil that can be treated at a time depends on the size 
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of the apparatus, for which there is no limit. Sometimes the filtration is too 
rapid, and a stop-cock attached to the funnel is required to regulate the flow. 

A battery of half a dozen electrofilters can be conveniently run, thus effect- 
ing a great saving of time for routine work. 



ESTIMATION OF EXCHANGEABLE BASES IN SOILS 

A very useful application of the electrofiltration method lies in the estimation 
of exchangeable bases in soils. It must be recognized, however, that only in 
the case of soils free from calcium carbonate, will the method give results 
identical to those obtained by neutral salt reaction. It is necessary that in the 
application of such methods we should differentiate between exchangeable 
bases and free bases present as carbonates. The removal of the latter by the 
neutral salt reaction methods, is purely a solubility effect, whereas in electro- 
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filtration or electrodialysis the reaction is electrochemical, and a greater amount 
of the carbonates is removed from the soil. 

In table 1 are given the total bases removed in successive hours by electro- 
filtration (apparatus A), from a number of soils. The current was about 0.2 
ampere and the weight of the soil 10 gm. in every case. 

It will be seen from table 1 that the time required for the removal of bases by 
electrofiltration depends on the nature of the soil: soils 1 and 2 are calcarious 
and soil 6 is highly acid. The method as it stands, makes no distinction be- 
tween exchangeable bases, and free bases present as carbonates. With this 
limitation, the electrofiltration method can be considered a rapid means of 
characterizing soils, and should afford some useful information regarding soil 
reaction. 


TAHLE 1 

Bases removed by electrojiltration in successive hours from various soils 


TIME 



BASES •.illU.rtyl IVALENTS) BEHOVED 


i 

Soil 1 i 

i 

Soil 2 

1 

{ Soil 3 

Soil 4 

Soil 5 

Soil 6 

hours 

1 

4 01 

8 90 

; a 21 

0 S6 

1 40 

0.13 

2 

1 98 

2 87 

0 74 

0 47 

0 88 

0 08 

a 

1 46 

2.85 

0 41 

0 IS 

0 60 

0.04 

4 

1 .84 

0 65 

0 27 

0 06 

0.05 

0.01 

c 

1 1 16 

0 17 

0.15 

0.04 

0 


6 

1 10 

0 84 

0.10 

i . 1 

.... 1 


7 

! 1 09 | 

0 20 

0 09 ! 

i ' * # * 

. 1 

.... i 


8 

I 0 57 

0 09 

: 0 07 ! 




9 

0 56 


0 OS 




10 

0 42 : 






11 | 

! 0 28 


i 





ELECTRO FILTRATION AS A MEANS OF DISPERSING SOILS FOR MECHANICAL 

ANALYSIS 

Both Mattson and Bradficld have drawn attention to the easy dispersibility 
of elcctrodialvzed soil when treated with sodium hydroxide. A similar con- 
clusion was reached by the author from his studies with soils treated with 
dilute hydrochloric acid; and it appeared of interest to compare the electro- 
filtration method with other preliminary treatment of the soil for mechanical 
analysis. Forty soils from different parts of India were used for comparison 
with three methods: the electrofiltration method, the (XaCFXaOH) method 
developed by the author (3), and the 0.05 X HC1 method of Puri and Amin (4). 

In the electrofiltration method, the soil is electrofiltered for five or six hours, 
and then transferred with a jet of water to a stout beaker. Then 0.1 X XaOH 
is gradually added till the suspension is alkaline to phenolphthalcin, tested by 
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taking a drop on a tile or by throwing a drop of the indicator on the suspension. 
No shaking is necessary but the suspension is occasionally stirred during the 
course of six hours. 

In the 0.05 N HC1 method the soil was washed with 0.05 N HC1 till the filtrate 
was free from Ca ions, 0.1 N NaOH then being added exactly as above. 

In the (NaCl-NaOH) method, the soil was washed with N NaCl followed by 
leaching with only a small quantity of water. Sodium hydroxide was then 
added to make the suspension alkaline to phenolphthalein, as stated in the 
foregoing. 

The results given in table 2 show that all three methods give closely agreeing 
values for clay, and the choice of any one of them may be a matter of personal 
inclination. 

The mechanical analyses were done by the pipette method, the technique 
described by Puri and Amin (4) being used. All values refer to air-dry soils. 

SUMMARY 

Two forms of electrofiltration apparatus for removing exchangeable bases 
from soil colloids have been described. 

Electrofiltration can be used as a preliminary treatment of the soil for 
mechanical analysis, and gives closely agreeing values for clay with the (NaCl- 
NaOH) method and the 0.05 A T HC1 method, which have already been shown to 
effect complete dispersion of soil colloids. 
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OXIDATION-REDUCTION POTENTIALS OF NUTRIENTS 

H. P. COOPER and J. K. WILSON 
Cornell University 
Received for publication March 17, 1930 

The lack of a close correlation between the hydrogen-ion concentration of 
soils and the growth of plants leads to a consideration of the electrical potential 
relations which may result from the presence in the soil of ions above and 
below hydrogen in the electromotive series. Since many organisms are known 
to absorb selectively, metallic nutrient ions in the same qualitative order as 
they apj>ear in the electromotive series, it apjxrared desirable to determine the 
ash constituents of plants representing the pasture plant associations charac- 
teristic of the various soil fertility levels found in New York pastures. These 
associations and their ecological significance are described in previous papers 
(6, 8,i. A more or less characteristic succession of pasture plants accompanies 
the depletion of such soils. The particular species which dominates at the 
various fertility levels is often determined by climatic conditions. Kentucky 
bluegrass which requires a fertile soil may be followed by redtop in relatively 
dry climates or bv Rhode Island bent grass in cooler climates with relatively 
high growing-season rainfall. 

Kentucky bluegrass requires a fertile soil, and it is likely to dominate on the 
productive soils. As the soil is depleted, Rhode Island bent grass or redtop 
encroaches upon the Kentucky bluegrass and may finally dominate. On 
further depletion of the >oil sweet vernal grass may dominate, and finally 
poverty grass, weeds, and trees represent the dominant type of vegetation (8b 

Sl'.l.K'IloN OF MA r TRIAL JnR ANALYSIS 

The samples were taken when the grasses were in full bloom or shortly 
thereafter. The samples of Kentucky blue and sweet vernal grasses were 
collected during June and early July. The Rhode Island bent and poverty 
grasses were obtained three or four weeks later, since they do not bloom as 
early as do the Kentucky blue and sweet vernal grasses. When the samples 
of grass were taken the soils on which they were growing were sampled and 
their hydrogen-ion concentrations determined potentiomctricallv. 

Most of the Kentucky bluegrass samples were taken from Ontario loam, 
which is a limestone soil. Many of the other samples were taken from non- 
limestone soils. The Rhode Island bent, sweet vernal, and poverty grass 
samples were collected from the Wooster, Yoiusia, and Gloucester series. 
The broomsedge sample was from Merrimac sandy loam. 
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TABLE 1 

Analyses of pasture grasses representing the various plant associations characteristic of the 
different soil fertility levels found in New York pastures 


NUMBEE OF 
SAMPLE 

pH OF 

PEE CENT OF OEY MATTE I 

| Soil 

Subsoil 

K*0 

CaO | MgO | P,0* 

SiO, 

N | Ash 


Kentucky bluegrass — Poa pratensis 


1 

7.84 

7.63 

2.77 

m 

KB 

1 H 

ra 

ns 

wm 

2 

6.99 

6.83 

2.42 

mm 

HI 

■m 

1 0 

■E9 


3 

6.91 


1.65 

0.27 

0.18 

0.47 

1.05 

1.14 

4.68 

4 

6.70 


1.79 

0.31 

0.21 

0.47 

0.77 

1.48 

4.61 

5 

7.79 

: 

1.79 

0.24 

0.18 

0.42 

1.11 

1.21 

4.41 

6 

6.85 

6.80 

3.02 

0.11 

0.22 

0.71 

3.77 

1.79 

8. 23 

7 

6.64 

| 6.83 

2.84 

0.14 

0.16 

0.74 

1.69 

1.91 

6.79 

8 

5.51 

! 5.64 

2.62 

0.18 

0. 19 

0.76 

1.38 j 

1.79 

6.26 

9 

5.92 

; 5.97 

2.33 

0.08 

0.13 

0.49 

1.89 

1.19 

5.70 

Average. .. 

6.79 

6.62 

2.36 

0.18 

0.18 

0.57 

1.91 

1.51 

6.04 

Per cent of ash 

39.07 

2.98 | 

2.98 

9.44 

31.62 

25.00 



Bent grasses — Agrostis tenuis and Agrostis canina 


1 

5.19 

5.31 

! 2.08 

0.34 

! 0.16 

0.39 ! 

1.10 

1.49 

5.18 

2 

4.48 

4.67 

; 2.16 

0.19 

0.14 

0.64 

2.17 

1.40 

6 30 

3 

5.75 

5.76 

1.45 

0.38 

0 21 

! 0.34 

3.03 

1.47 

6.11 

4 

5.18 

5.25 

0.78 

0.43 

0.32 

0.32 j 

2.76 

1.35 

5.09 

5 

5.15 

5.15 

2.34 

0.41 

0.21 

0.47 

1.81 

1.46 

5.90 

6 

5.30 

4.81 

1.68 

! 0.38 

0.19 

0.34 

2.59 

1.16 

5.77 

7 

4.80 

4.69 

1.90 

0.36 

0.23 

0.39 

1.44 

1.26 

4 95 

8 

4.90 


1.61 

! 0.36 

0.19 

0.39 

2.01 

1.17 

5.27 

9 

4.87 

4.30 

1.50 

! 0.33 

0.16 

0.34 

2.99 

1.26 i 

5.73 

10 

4.30 

5.40 

1.75 

0.44 

0.16 

0.39 

2.79 

1.42 1 

i 6 28 

11 

7.51 

7.51 

0.85 

i 0.23 

0.11 

0.39 

4.10 

1.64 ! 

6.29 

12 

5.08 

5.23 

0.39 

0.25 

0.21 

0.32 

3.57 

1.07 

5.23 

13 

5.02 

5.40 

0.48 

i 

0.21 

0.13 

0.32 

2.88 

0.99 

4 43 

Average... 

5.19 

5.29 

1.46 

0.33 

0.19 

0.39 

2.56 

1.32 

5.58 

Per cent of ash 

26.16 

5.91 

3.40 

6.99 

45.88 

23.65 

t 


Sweet vernal — Anthoranthum odoratum 


1 

5.38 

5.42 

1.74 

0.19 

0. 13 

EH 


1.13 

4.23 

2 

..5.22 

5.76 

1.88 

0.22 

0. 13 

119 


1.13 

4.33 

3 

5.22 

5.34 

2.14 

0.11 

0.13 

H 9 

1.31 

1.23 

5.02 

4 

5.92 

5.97 

2.04 

0.12 

0.13 

0.44 

1.25 

1.10 

4.89 

5 

5.35 

5.48 

1.56 

0.18 

0.13 


1.02 

0.95 

3.92 

6 

4.61 

4.67 

1.70 

0.14 

0.11 


1.25 

1.13 

4.21 

Average. . . 

5.28 



0.16 

0.13 


1.15 

1.11 

4.43 

Per cent of ash 

41.53 

3.61 

2.93 

9.25 

25.96 

25.06 
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TABLE 1 -Concluded 


NUMBER 07 

SAMPLE 

pH or 

PER CENT OP DRY MATTER 

Soil | Subsoil 

KiO 

CaO 

MgO 

P.O. | SiO, | N 

Ash 


Poverty grass — Danthonia spicata 


1 

4.61 

5.31 

1.24 

0.27 

0.13 

0.17 

1.77 

0.67 

3.99 

2 

6.87 

5.68 

1.43 

0.27 

0.11 

0.17 

0.68 | 

0.64 

3.27 

3 

5.97 

5.80 

1.37 

0.28 

0.13 

0.22 

1.13 j 

0.99 

3.44 

4 

4.95 

5.05 

1.74 

0.25 

0.14 

0.28 

1.44 i 

1.02 

4.29 

5 

5.55 

5.48 

1.47 

0.26 

0.16 

0.26 

0.78 

1.10 

3.47 

Average. . . 

5.59 

5.46 

1.45 

0.27 

0.13 

0.22 

1.16 : 

0.88 

3.69 

Per cent of ash 

39. 29 

7.32 

i 

3.52 

5.96 

31.44 

23.85 

1 


Broomscdge — A ndropogon virginicus 


1 4.74 

5.04 

0.40 

0.19 

0.05 

0.30 

4.21 

0.71 

1 

5.14 

Per cent of ash 

7.78 ! 

3.70 

0.97 

5.84 

81.91 

13.81 

! 

1 


ASH CONSTITUENTS OF THE GRASSES COLLECTED 

The chemical composition of certain of the grasses which were collected 
are shown in table 1. The figures represent the composition of those plants 
which compose the most common plant successions accompanying the depletion 
of soils in New York pastures. 

The nitrogen and the silica-free ash contents of these plants seem to decrease 
as the soils become depleted. Potassium, reported as the oxide, constitutes 
from about one-third to two-fifths of the ash content of common pasture plants. 
It is relatively high in Kentucky blue and sweet vernal grasses, whereas it is 
relatively low in Rhode Island bent and poverty grasses. The Rhode Island 
bent and poverty grasses contain the largest quantities of calcium. This 
inverse relationship between the content of potassium and calcium in the 
different grasses seems to be related to the grand growth period of the species. 
Plants, such as Kentucky blue and sweet vernal grasses, with their grand 
growth period early in the season are relatively high in potassium and low in 
calcium, whereas the species with their grand growth period coming relatively 
late in the season are higher in calcium and lower in potassium. 

A negative correlation of —0.87 ±0.023 was found between the K 2 O and 
CaO content in the ash of 45 samples of pasture plants (6). An average of 
0.18 per cent of CaO was found in the ash of Kentucky blue and 0.33 per cent 
in the ash of Rhode Island bent grass. This is an interesting relationship, 
since the Kentucky bluegrass samples were taken from limestone soil. The 
average pH value of 6.79 given in table 1 indicates that the soils were well 
supplied wfith available calcium. Most of the Rhode Island bent samples 
were taken from non-limestone soils. The average pH value of the soils on 
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which the Rhode Island bent grass was found is 5.19. The inverse relationship 
between the quantities of potassium and calcium in the plants analyzed would 
seem to indicate that the ash constituents of plants are largely determined by 
the amounts of these constituents which are available in the soil. These 
data are in agreement with the growth response of Kentucky bluegrass to 
potassium fertilization, as reported by White and Holben (26) and by White 
and Gardner (27). 


TABLE 2 

Analysts of grasses found in some New York pastures 


NUMBER OF 

SAUPLE 

pH OF 

PER CENT OF DRY MATTER 

Soil 

Subsoil 

k 2 o 

CaO 

MgO 

PjO* 

SiO, 

N 

Ash 



Canadian bluegrass — 

Poa compressa 




1 

7.80 


1.58 

0.21 

0.11 

0.34 

0.46 

1.05 

3.56 

2 

7.63 

7.63 

1.08 

0.33 

0.13 

0.17 

3.07 

0.68 

5.14 

3 

7.57 


1.06 

0.23 

0.16 

0.17 

0.80 

0.79 

2.64 

4 

7.57 


0.99 

0.34 

0.18 

0.22 

1.02 

0. 78 

3.10 

Average. . . 

7.64 

7.63 

1.18 

0.28 

0.15 

0.23 

1.34 

0.83 

3.61 

Per cent of ash 

32.69 

7.76 

4 15 

6.37 

| 37.12 

22.99 




Orchard grass — Dactyl is glomerata 




1 

7.58 


2.90 

0.19 

0.16 

0.71 

1.66 j 

1.23 

6 84 

2 

7.47 

7.35 

4.71 

0.11 

0.20 j 

0.87 

2.65 

2.10 | 

10. 16 

Per cent of ash 

44.70 

1.76 

2. 12 

1 

9.41 

25.29 ! 

i 

19.55 



Rice cut grass — Lcersia oryzoidcs 


1 

2 

5.09 

5.26 


0.49 

0.53 

0.19 

0.23 

0. 13 
0.21 

i 0.36 | 
i 0.50 

| 9.29 
j 7.02 

0.97 ! 10.93 
1.40 ! 9.07 

Average. . 

5.17 

... 1 

0.51 

0.21 

1 0.17 

0.41 

4.30 

8.15 

1 IS | 10.00 

Per cent of ash 

i 

5. 10 { 2.10 | 1.70 

81.50 j 

11 80 ! 


The average quantities of phosphorous, reported as P 2 0.,, in the ash of 
Kentucky bluegrass and sweet vernal grass is relatively high; on the other 
hand, the phosphorus content of the Rhode Island bent and poverty grasses is 
relatively low. This appears to be a significant relationship. The phospho- 
rous content is positively correlated with potassium and negatively correlated 
with calcium in 45 samples (6). A positive correlation of +0.76 ±0.043 
was observed between K 2 0 and P 2 Oi in the ash of plants, and a negative 
correlation of —0.44 ±0.08 between the CaO and P 2 0&. It is probable that 
under certain conditions both plants and animals can assimilate the phospho- 
rous of potassium phosphates more readily than that of calcium phosphates. 
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The potassium phosphates are more soluble than calcium phosphates, and 
they have a much higher ionization coefficient, which probably facilitates the 
reduction of the phosphate ion to a phosphite ion. The ease with which 
phosphorus is assimilated is probably dependent upon the reduction of the 
phosphate ion either by radiant energy, as from the sun, or by the free energy 
decrease in oxidation-reduction reactions (6). 

There is a negative correlation between the P 2 0 6 and Si02 in the ash of the 
plants studied (6). The sample of broomsedge was found to be very high in 
silicon. 

Certain of the ash constituents of Canadian blue, orchard, and rice cut 
grasses are shown in tabic 2. Both the total ash and the nitrogen content 
of the Canadian bluegrass samples are low. This species probably tolerates 
a lower fertility level than does Kentucky bluegrass. The rice cut grass is 
very high in silicon. It is probable that silicic acid or other silicates is playing 
a role in the nutrition of both rice cut grass and broomsedge. 

A summary of the analytical data is given in table 3. It is observed that the 
nitrogen and the silica-free ash tend to decrease as the soils are depleted. The 
nitrogen ranges from 1.51 per cent in Kentucky bluegrass to 0.71 per cent in 
broomsedge. The average contents of K^O, CaO and MgO in the plants are 
1.33 per cent, 0.22 per cent and 0.14 per cent respectively, which is in agree- 
ment with the order of these elements in the potential series. These data 
demonstrate the correlation between the order of electropositive elements in 
the electromotive series and their relative amounts in the ash of plants. 

REMOVAL OF ASH CON'S IT It'LN IS OF PI.WTS FROM SOIL COLLOIDAL COMPLEXES 
AND WLSOR1MTON OF NUTRIENT IONS 

Since materials with relatively high standard electrode potentials, such as 
potassium or calcium, are often the predominant metallic constituents of 
plants, it i> interesting to note the qualitative order of removal of cations from 
soil colloidal complexes by electrodialysis. Koenig, et al. (15) noted that some 
of the potassium is easily removed from the soil. Their results from the 
electrodialysis of six soils show that the amount of potassium removed was 
more than five limes that of the magnesium. Recent data reported by 
Mattson (16, 17, 18) and Wilson (28) may be interpreted to show that there 
is a correlation between the qualitative order of removal of metallic exchange- 
able atomic cations from soil colloidal complexes by electrodialysis and their 
arrangement in the electromotive series. The work of Gedroiz (13) on base 
exchange shows a similar relationship. 

The order of removal of atomic cations from soil colloidal complexes is also 
probably closely correlated with the ionization potentials of elements. The 
approximate energy of removal, in equivalent volts, of the inmost normal 
valence electron of elements to form ions is as follows: Cs 4 " 3.87 volts, Rb 4 * 
4.15 volts, K+ 4.30 volts, Na 4 * 5.13 volts, Li 4 5.40 volts, Ba 4 * 4 * 9.% volts, 
Sr 4 * 4 " 10.98 volts, Ca 4 + 11.82 volts, H 4 13.54 volts, Mg 4 " 4 14.97 volts, and 
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A 1 +++ 28.32 volts (9, 12, 22). There is probably a closer agreement between 
the order of removal of atomic cations from exchange complexes of soil by 
electrodialysis and the preceding grouping than there is with the electromotive 
series or displacement grouping of elements. 

The foregoing values suggest an interpretation for the relatively large 
amounts of hydrogen ions in certain soil colloidal complexes. Hydrogen 
comes between calcium and magnesium in the foregoing grouping. There is 
usually a relatively small amount of exchangeable magnesium in the colloidal 
complex of most non-saline soils. Such elements as aluminum with an energy 


TABLE 3 

Nutrient elements in the ash of pasture grasses representing the various plant associations charac- 
teristic of the different soil fertility levels found in New York 



NUMBER 

AVER- 







GRASS 

OP 

SAMPLES 

AGE 

pH 

KiO CaO j 

MgO 

P*0* 

1 

SiO, 

j 

N 

ASB 


Average per cent of dry weight 


Kentucky blue 

9 

6.79 

2.36 

0.18 

0.18 

0.57 

1.91 

1.51 

6.04 

Rhode Island bent 

12 

5.19 

1.46 

0.33 

0.19 

0.39 

2.56 

1.32 

5.58 

Sweet vernal 

6 

5.28 

1.84 0.16 

0.13 

0.41 

1.15 

1.11 

4.43 

Poverty 

5 

5.59 

1.45 

| 0.27 

0.13 

0.22 

1.16 

0.88 

3.69 

Broomsedge 

1 

4.74 

0.40) 0.19 

0.05 

0.30 

4.21 

0.71 

5.14 

Rice cut 

2 

5.17 

0.5l| 0.21 

0.17 

0.43 

8.15 

; 118 

10.00 

Average 

1 . 33} 0.22 

0.14 

0.39 

3. 19 

! 

5.81 


Average per cent of the ash of plants 




Kentucky blue 

9 

6.79 

39.07 

2.98 

2.98 

9.44 

31.62 

25.00 


Rhode Island bent 

12 

5.19 

! 26. 16 

5.91 

3.40 

6.99 

45.88 

23.65 


Sweet vernal 

6 

5.28 

41.53 

3.61 

2.93 

9.25 

25.96 

25.06 


Poverty 

5 

5.59 

39. 29 

7.32 

3.52 

5.96 

31.44 

! 23.85 


Broomsedge 

1 

4.74 

7.78 

3.70 

0.97 

5.84 

81.91 

13.81 


Rice cut 

2 

i. 17 

5.30 

2.10 

1.70 

4.30 

81.50 

1 1 . 80j 


Average 

26.49 

4.27 

2.58 

6.96 

49.72 

20. 53! 



of removal of the inmost normal valence electron of 28.32 equivalent volts 
would be expected to form complex ions in most non-saline soils. 

Data on ash analysis of 48 plants reported by Robinson, et al. (23) show 
the order of mineral constituents as follows: K 2 0 34.36 per cent, CaO 19.63 
per cent, MgO 7.13 per cent, A1 2 0 3 1.34 per cent, and FesQs 0.61 per cent. 
Aston (2, 3, 4) reports data on the constituents of 70 samples of pasture plants, 
which include samples from regions of New Zealand where iron is deficient in 
forage plants. His average data for 47 to 70 samples are as follows: CaO 1.05 
per cent, MgO 0.47 per cent, A1 2 0 3 0.13 per cent, Mn^ 0.045 per cent, and 
Fe*0* 0.041 per cent. These data are in general agreement with the analyses 
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reported in this paper. All of these data show that many plants selectively 
absorb the strong ions or the elements with relatively high standard electrode 
potentials. 

RELATION OF SOIL FERTILITY AND LIGHT REQUIREMENTS OF PLANTS TO THEIR 

FOOD VALUE 

A book by Orr (22) contains an excellent summary of data on the mineral 
content of pasture plants, therefore only recent data of particular interest 
are cited in this paper. The relation to nutrition of electrochemical factors 
which are of interest in this connection have been discussed in previous papers 
(6, 7,8). The differential absorption of the stronger ions may limit or exclude 
essential but weaker nutrient materials such as magnesium, manganese, and 
and iron. Jones (14) found that a deficiency of available magnesium in the 
soil was responsible for chlorosis of certain crops. Magnesium is apparently 
the most electropositive clement in the chlorophyll complex. 

The common chemical fertilizers usually contain materials which form strong 
ions, therefore an application of fertilizer may very materially affect the 
chemical composition of plants. The affect of nitrogenous fertilizer in in- 
creasing the nitrogen content of the plant has been reported by Enlow and 
Coleman (11). Data reported by Archibald and Nelson (1) and by Ellen- 
berger, et al. (10) show that applications of chemical fertilizer increased the 
yield and modified the comjjosition of pasture plants. Brown and Slate (5) 
have rented on the growth response of pasture plants to the various fertilizer 
constituents. 

'The available data on both growth response and chemical analysis indicate 
that nutrient materials which form strong ions are usually the factors limiting 
the production of pastures in humid climates (6, 7, 8). The fertility of the 
soil greatly affects the quality as well as the total production of pastures. 
A discussion of the role of pastures in the mineral nutrition of farm animals by 
Maynard (20) is of interest in this connection. 

The available data suggest that plants which require fertile soils and strong 
ions for their optimum growth also require light of high quality. Many 
plants which grow normally on }>oor soil and endure weak nutrient ions are 
often tolerant of shade and are of low food value. 

The absorption of radiant energy of quality equal to or greater than the 
free energy decrease in the formation of simple electrolytes from elements 
greatly facilitates their assimilation (6). In the case of electrolytes composed 
of compound ions, like phosphates, with low ionization coefficients, the ab- 
sorption of energy equivalent to the decomposition or discharge potentials 
greatly facilitates their assimilation. Maughan (19) found that radiation 
of 2,968 Angstrom units or 4.16 equivalent volts is near the center of the most 
important radiation involved in the cure of rickets. This value is very near 
the decomposition or discharge potential of calcium phosphate, vhich is 4.20 
equivalent volts. This shows that calcium phosphate is light stable to near 
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the short wave limit of the solar spectrum, which is around 4.26 equivalen 
volts (6). Either plants or animals using calcium phosphate will require ligh 
of high quality for its optimum assimilation. Ammonium and hydrogel 
phosphates, which have lower discharge potentials than calcium phosphate 
probably do not require as short waves of light for their assimilation. There 
fore, plants which endure acid soil and relatively weak nutrient ions are oftci 
very tolerant of shade. As previously noted, phosphorous in the form o 
potassium phosphate is usually relatively easily assimilated because it has i 
high ionization coefficient, which probably facilitates the reduction of the 
phosphate ion to a phosphite ion. This reduction is probably necessary foi 
the optimum assimilation of phosphorous. Since there is a positive correla- 
tion between the K«0 and l\O b in the ash of pasture grasses and a negative 
correlation between the CaO and P 2 0* in the ash content of pasture grasses, 
this suggests that potassium is often a very important clement in the growth 
of early season plants such as Kentucky bluegrass. Available potassium can 
be increased by a direct application of potassium or indirectly by treating the 
soil with other material which may affect the availability of potassium in 
the soil. 

Vitamins A and J) present in cod liver oil probably have their origin in sea 
plants. Sea water might be considered as a rich nutrient medium, and as 
plants selectively absorb strong ions sea plants would probably require rela- 
tively short waves of light for their optimum development. The absorption 
of large quanta of energy would probably result in the synthesis of organic 
compounds which on oxidation would be capable of supplying large quanta of 
energy (6). Since life is a reduced system, the oxidation of organic materials 
will result in a free energy decrease and the emission of radiant energy. 'The 
size of the quanta emitted will probably be influenced by the energy level at 
which the various organic compounds are synthesized. 

Von Euler, et al. (25) have identified vitamin A with lipochrome pigments. 
Positive results were obtained in growth exjierirnents with carefully purified 
carotin from carrots as the sole source of vitamin A. They conclude that the 
effect of vitamin A in the blood is due to its oxidation-reduction action. 
Experiments with carotin by Moore (21) have confirmed some of the conclu- 
sions of Von Euler, et al. 

Certain data (6) definitely suggest that many vital processes are on an 
energy level in close agreement with the free energy decrease in the formation 
of certain simple electrolytes, and with the reduction potentials of some com- 
mon nutrient ions such as nitrates, borates, sulfates carlwmates, and phosphates. 

SUMMARY AND CONCLUSIONS 

Data are reported on certain ash constituents of the grasses representing 
the most common plant successions accompanying the depletion of soils in 
New York pastures. 
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The nitrogen and the silica-free ash contents of the grasses seem to decrease 
as the soils become depleted. 

Elements with relatively high standard electrode potentials, such as potas- 
sium and calcium, are often the predominant mineral constituents in the ash 
of plants. 

A strong negative correlation was observed between the potassium and the 
calcium content of the ash of pasture grasses. 

It is suggested that there is a correlation between the qualitative order of 
removal of atomic metallic cations from soil colloidal complexes by electro- 
dialysis and the order of the energy of removal, in equivalent volts, of the 
inmost normal valence electron of elements. 

Many organisms differentially absorb atomic nutrient cations in the same 
qualitative order as they are removed from soil colloidal complexes by electro- 
dialysis. 

Plants which require fertile soils or strong nutrient ions for optimum growth 
are often intolerant of shade and require large quanta of radiant energy for 
optimum growth. Plants which normally require a rich nutrient medium and 
large quanta of radiant energy may synthesize organic compounds which, on 
oxidation, would be eaj>able of supplying large quanta of radiant energy and 
may be of high food value, whereas plants which grow normally on poor soils 
and endure weak nutrient ions are often shade tolerant and of relatively low 
food value. 

The absorption of radiant energy of quality equivalent to or greater than the 
free energy decrease in the formation of simple electrolytes from the elements 
may greatly facilitate their assimilation by organisms. 

There is a wide difference in the quality of radiant energy necessary for the 
reduction of the common nutrient anions. Phosphorous is one of the most 
ditlicult to reduce, ultraviolet light being required for its reduction. Phos- 
phorous in compounds with relatively high ionization constants is often rela- 
tively easily assimilated, since phosphorous in ionic form is probably more 
easily reduced than is phosphorous in molecular form. 
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A number of grass plats have been established*^ the Florida Agricultural 
Experiment Station at Gainesville for the purpose of studying the growth 
habits and the fertilizer requirements of lawn and golf green grasses in Florida. 
The plats are established for the most part on the typical deep phase of the 
Norfolk sand of this section. Clay lies from 8 to 10 feet below the substrata 
of yellow and surface soil of gray sand. 

A series of these plats is devoted to lawn grasses, chief among which are 
Saint Augustine grass (Stenotaphrum secundatum Walt. Ktze.) and centipede 
grass ( Ercmochloa ophiuroides Munro. Hack). These plats were established 
in April, 1923, and are continued to date. One-third of each plat of grass is 
fertilized with sodium nitrate at the rate of 1 ,333 pounds an acre yearly applied 
in 12 monthly top-dressings. One-third receives ammonium sulfate at the 
rate of 1,000 pounds an acre yearly applied at the same time as the sodium 
nitrate and equivalent in nitrogen content to it. One-third remains unfer- 
tilized. During 1926 and 1927 four of these plats were selected for a study the 
effect of sodium nitrate and ammonium sulfate on the pH values of aqueous 
suspensions of the soil. Samples were made from the third of each of the four 
plats receiving the different nitrogenous fertilizer salts. 

The determination of the H-ion concentration was made on the fresh sam- 
ples, one part of the soil being used to approximately three parts of distillled 
water. The suspensions were allowed to stand overnight and the pH value of 
the clear supernatent liquid was determined bv the indicator method with the 
double-wedge standards. The results were checked by two indicators when 
the range permitted. 

The average results of 11 determinations on composite samples removed 
from the 0-6-inch depth of the soil from the variously fertilized areas of the 
plats during 1926 and 1927 are given in table 1. 

It is noted that the individual parts of the plats receiving the same source of 

1 Contribution from the department of chemistry of the Agricultural Experiment Station, 
University of Florida, Gainesville, Florida. 

* By the agronomy department of the Florida Agricultural Experiment Station in coopera- 
tion with the Bureau of Plant Industry, the U. S. Department of Agriculture and the U. S. 
Golf Association. 
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nitrogen vary very little within themselves. The results indicate that the 
sodium nitrate has increased the alkalinity of the soil and the ammonium sul- 
fate has increased the acidity. The effect has not been great in either the acid 
or alkaline direction but the differences are significant because of the large 
number of determinations averaged, and the consistency of the results. 

A series of plats devoted to the study of putting green grasses was sodded to 
various strains of Bermuda grass (Capriola dactylon L. Kuntze) in the spring of 


TABLE 1 

Average pH values* of aqueous soil suspensions made on composite soil samples during 1926 

and 1927 


TREATMENT 

PLAT 1 

PLAT 2 

PLAT 3 

PLAT 6 

AVERAGE 

No fertilizer 

P11 

6.91 

6.98 

6.63 

pn 

6.88 
7.00 
6. 72 

pa 

6.87 

6.98 

6.82 

pn 

6.99 
7.02 
6. 70 

pa 

6.91 

7.00 

6.71 

Sodium nitrate 

Ammonium sulfate 


* Average of 11 determinations at different times. 


TABLE 2 

Average pH values * of aqueous soil suspensions made on composite soil samples during 1926 

and 1927 



PLAT 1 

PLAT 2 

PLAT 3 

PLAT 4 

PLAT 6 

I AVER- 
AGE 

TREATMENT 







pa 

pH 

pn 

» 

S3 

1 

pn 

pll 


Norfolk sand 


No fertilizer 

6.54 

1 6.55 

6.59 

6.61 

6 61 

! 6.58 

Ammonium sulfate 1 

6.26 

6.27 

6. 19 

6.24 

6.41 | 

6 15 

Ammonium phosphate 

6.40 

6.31 

6.35 I 

6.41 

6.44 

6.38 


Norfolk sattd top-dressed udlh 2-3 inches of clay 


No fertilizer 

6.00 1 6.23 

6.40 

6.43 

6.34 

Ammonium sulfate 

5.72 'j 6.18 

6. H 

6.33 

6.22 

Ammonium phosphate 

6.03 j 6.22 

6.25 

6.33 

6.25 j 



* Average of 11 determinations at different times. 


1925. One half of each 10 by 25-foot plat received a top-dressing of approxi- 
mately three inches of clay, the other half remaining the deep sandy soil. 
Across both the sand and clay parts of the plats, one-third of each plat is 
fertilized with ammonium sulfate and one-third receives ammonium phosphate 
(Ammo-phos, 20-20), whereas the middle third has no fertilizer treatment. 
The ammonium sulfate and ammonium phosphate are applied at the rate of 
1,000 pounds an acre yearly in fractional semi-monthly top-dressings. Five 
of these plats were selected for a study of the influence of ammonium sulfate 
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and ammonium phosphate on the pH values of aqueous suspensions of the soil. 
Samples were taken from both the clay top-dressed and sandy ends of the plats 
to a depth of approximately six inches. Eleven determinations of the pH 
values of the aqueous suspensions were made during 1926 and 1927 by the 
method described. The averaged figures obtained on the various plats are 
given in table 2. 

The ammonium sulfate has lowered the pH value of an aqueous suspension 
of the soil more than has the ammonium phosphate. The change has been 
greater in the sand than in the clay top-dressed halves of the plats. These 
results are in accord with the data of Pierre ( 2 ) who found that ammonium 
sulfate increased the H-ion concentration of aqueous soil suspensions more than 
did ammonium phosphate and that the change in H-ion concentration induced 
by a given nitrogenous source was dependent upon the buffer capacity of the 
soil. 


TABLE 3 

Effect of itu reusing amounts of ammonium sulfate on the pH value 


YEARLY ADPirioKS 1 
OK AVIIONJCU 
SCLFATL TO THE 

ACRE 1 

ORIGINAL 

3 MONTHS* 

8 MONTHS t 

10 MONTHS $ 

21 MONTHS 

Pounds i 

PH 

PH 

PH 

PH 

PH 

None ! 

6 76 

6.63 

6.53 

6.33 

6.47 

1,000 j 

6.78 

6.51 

6.44 

6.29 

6.21 

2,000 I 

6.73 

6.39 

6.31 

6.12 

5.89 

.<,000 j 

6 45 

6.37 

6.30 

6.05 

5.43 

5,000 ! 

6.00 

j 6. 30 

6 02 

5.89 

j 4.45 

i 


* Average of determinations made at end of second and third month after first application 
of ammonium sulfate. 

t Average of determinations made at end of fourth , fifth and sixth month. 

J A\ erage of determinations made at end of ninth and tenth month. 


A third series of plats was established to Bermuda grass in 1926 and increasing 
quantities of ammonium sulfate, applied every two weeks as a dressing, are 
used as a source of nitrogen on these plats. A series of samples representing a 
composite sample of the 0-12-inch depth of the soil of these plats was taken for 
about 21 months after the beginning of the experiment. 

The pH values of the variously fertilized soils are given in table 3 for the 
different dates after the initiation of the experiment. In 21 months, the 
higher applications of ammonium sulphate have decreased the pH values of 
the aqueous soil suspensions from the original pH of approximately 6.6 to as 
low as pH 4.45, in the case of the 5000-pound application. This indicates the 
low buffer capacity of the deep phase of the Norfolk sand in Florida. The in- 
crease in H-ion concentrations has been proportional to the application of 
ammonium sulfate. 

It is generally conceded that the removal of the bases of the soil by leachinj 
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and by plants and the replacement of the cations Ca, Mg, Na, and K by the 
H ion is responsible for the development of an acid condition in the soil. In 
order to study the change in the replaceable base content of the deep phase 
of the Norfolk sand as induced by the different applications of ammonium 
sulfate, a series of samples at different depths was taken on August 4, 1927, 
or 17 months after the initial applications of ammonium sulfate and the 
establishment of the plats to Bermuda grass. 

Six samples were taken from each plot to make a composite sample, each of 
which was thoroughly mixed and air-dried. Fifty grams of the samples were 
leached with one liter of A T NHiCl to determine the replaceable cations. It 
was found necessary to use these proportions to obtain quantities of the bases 
which could be estimated with a fair degree of accuracy. For the determina- 
tion of the Ca and Mg, 3(X) cc. of the ammonium chloride leachings were used, 
and 600 cc. were used for the estimation of the Na and K. The pH values were 
determined in a 1-2 soil-water suspension by the quinhvdrone method. 


TABLE 5 

Efcct of increasing amount of ammonium sulfate on relative total tn.e. of replaceable bases 

Untreated soil taken as basis 


ADDITION'S nf* \M\lO\UM 

SI UTAH. 

0 0 IN CUhS 

9-21 INCITES 

21-33 INCHES 

pounls 




None 

100.0 

100.0 

100.0 

1 ,000 1 

81 3 

100.6 1 

91.0 

2,000 

57. 5 

• 78.5 

00 

<-4 

1 - 

TOGO 

45 . 0 

70.6 1 

74.8 

5,000 

37.6 

60 0 

68.6 


* Additions on basis of pounds an acre yearly. 

The replaceable cation content expressed as milligrams equivalent (m.e.) per 
1(X) gm. of air-dried soil and the pH values of the aqueous soil suspensions are 
given in table 4. Increasing amounts of ammonium sulfate decrease the re- 
placeable cation content of the soil. There is a correlation in the pH value of 
the aqueous suspension of the soil and the replaceable cation content for each 
depth of the soil. The higher the replaceable cation content of a given depth 
of soil the higher the pH value. The total capacity of the soil to combine 
w'ith bases evidently decreases with depth, the higher content of the replace- 
able cations in the surface soil being associated with a higher organic matter 
content. 

The replaceable cation content of the untreated soil being considered as 100, 
the percentages of the total replaceable cations found in the ammonium sul- 
fate treated plats are calculated and given in table 5. From these calculations 
it can be seen that there is a decided decrease in the removal of the replaceable 
bases with an increase in the depth of the soil. There is also a corresponding 
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decrease in the effect of the ammonium sulfate in lowering the pH values of the 
lower depths of the soil. This is in accord with the results of Crowther (1) 
who found that there was a depth distribution of the effect of ammonium sul- 
fate in decreasing the pH value of soils at Woburn and Rothamsted. 

The divalent cations predominate in the soil complex. Calcium is presenting 
amounts far in excess of the other cations. In table 6 are given the relative 
proportions of the different cations in the replaceable state in the soil and the 
effect of the ammonium sulfate in changing these proportions in the various 


TABLE 6 

Distribution of Ca , Mg. t Na> and K in every 100 m.e . of the replaceable cations in three depths 

of soil 


ADDITIONS 

OF* 

0-9 INCHES 

i 

9-21 INCHES 

21 -.13 INCHES 

AMMONIUM 

SULFATE 

Ca 

Mg 

Na 

K 

Ca 

Mg 

Na 

K 

Ca ; 

Mg 

Na 

K 

Pounds 



, 










None 

68 

22 

5 

4 

73 

19 

5 

3 

71 

16 

8 

6 

1,000 

66 

22 

8 

4 

66 

22 

6 

6 

75 

15 

6 

5 

2,000 

57 

27 

8 

7 

63 

24 

9 

4 

69 

21 

5 

5 

3,000 

59 

25 

10 

5 

74 

19 

3 

5 

! 71 

21 

5 

3 

5,000 

58 

30 

5 

8 

73 

19 

4 

4 

71 

20 

6 

4 


* Additions on basis of pounds an acre yearly. 


TABLE 7 

Percentages of the total m.e . of cations lost by the ammonium sulfate treated plats at different 
depths accounted for by divalent and monovalent cations f 


ADDITIONS OF* 

AMMONIUM 

0-9 INCHES 

9-21 INCHES 

21-33 INCHES 

SULFATE 

Ca + Mg | 

■ 

Na+ K 

Ca + Mg 

Na + K 

Ca + Mg 

Na + K 

Pounds 







1,000 

100.00 


100.00 


52.84 

47.16 

2,000 

100.00 


' 100.00 


76.87 

23.13 

3,000 

95.23 

4.77 

91.84 

8.16 

71.83 

28.17 

5,000 

92.36 

7.64 

92.06 

7.94 

■ 77.33 

22.67 


* Additions on basis of pounds an acre yearly. 

f Calculations made on the basis of replaceable base content of the untreated plat. 


depths. In these calculations the H ion and the A1 ion have not been taken 
into consideration. As can be seen, the calcium is removed to a greater extent 
than the other cations. 

With the cation content of the untreated soil as a basis, the losses in cations 
as distributed between the divalent and the monovalent ions have been cal- 
culated and the percentages of distribution are given in table 7. Although in 
all depths of the soil the divalent Ca and Mg make up the greater part of the 
loss, still in the 21-33-inch depth, particularly, the monovalent Na and K 
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account for a very much larger proportion of the loss, indicating a replacement 
of these cations by the Ca and Mg. 


SUMMARY 

A study was made of the influence of different carriers of nitrogen on the 
H-ion concentration of the deep phase of a Norfolk sand which was sodded to 
lawn and golf green grasses. The influence of increasing applications of am- 
monium sulfate on the replaceable cation content of the deep phase of the 
Norfolk sandy soil was also studied for the different depths of the soil. The 
results may be summarized as follows: 

Ammonium sulfate increased the acidity and sodium nitrate the alkalinity of the deep 
phase of the Norfolk sand sodded to lawn grasses. 

Ammonium sulfate increased the acidity of the deep phase of the Norfolk sand more than 
did ammonium phosphate which had been applied in amounts equivalent in nitrogen content. 

A dressing of three inches of clay decreased the effect of both ammonium sulfate and am- 
monium phosphate in lowering the pH value of Norfolk sand (deep phase). 

The decrease in H-ion concentration of the Norfolk sand (deep phase) induced by applica- 
tions of ammonium sulfate was proportional to the amounts of ammonium sulfate applied, 
and correlated with a decrease in the total milligram equivalents cations in the replaceable 
state in the soil. 

The effect of ammonium sulfate on the removal of replaceable cations and the effect on the 
H-ion concentrations of the soil decrease with depth of soil. 

The divalent cations are predominate in the Norfolk sand (deep phase). 

The application of ammonium sulfate decreases the replaceable divalent cation content 
to a greater extent than the replaceable monovalent cation content. 

The losses of the replaceable cations in the Norfolk sand (deep phase) indicate a replace- 
ment of the monovalent cations in the lower depths of soil by the divalent cations. 
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The following data are presented because of their possible bearing on the 
commonly accepted view that the carbon and nitrogen of soils tends toward a 
ratio of 10 to 1, and their failure to harmonize with the results reported by 
Jenny (1, 2) in his study of the influence of climate on soil nitrogen. Jenny 
does not attempt to extend the validity of his conclusions beyond the conti- 
nental portions of the United States. His data are derived from the analyses 
of soils in central United States, chiefly in the regions between the Mississippi 
River and the Rocky Mountains, and support his conclusion that the nitrogen 
of the soil decreases with increase of the mean annual temperature. 

The 223 soil samples, the nitrogen and organic content of which are here 
summarized, were taken from pineapple fields, or lands destined to become 
pineapple fields. They came from the islands of Hawaii, Maui, Lanai, Molo- 
kai, Oahu, and Kauai, from elevations ranging from 2(X) feet to 3,000 feet 
above sea level, and from locations where the rainfall ranges from less than 20 
inches to approximately 100 inches yearly. The great majority of the samples 
were taken from the surface to a depth of 12 inches, a few to 18 or 20 inches, 
and in some cases, where the topsoil was thin, the sampling did not extend 
below 8 or 10 inches. Some of the soils were from uncultivated ranch lands, 
some had been in pineapples for 20 years or more. In short, they are an 
unselected group of soils, representing many thousands of acres of unirrigated 
lands, from localities where they have been exposed to different conditions. 
They have a similar origin in that they are all derived from basaltic lavas or 
cinders. The mean annual temperatures have not been precisely the same for 
all of them, but a representative figure would be 70°F. They would probably 
all fall within the range of 65° to 75°F. This is comparable to the warmest 
regions included in Jenny’s series. The Hawaiian climate, however, is less 
variable than that of Texas and Lousiana and temperatures more than 15°F. 
on either side of the mean are unusual. 

The organic matter has been determined 1 by the method of J. B. Rather (4). 

1 None of the analyses were made by me and they were not carried out for the purpose of 
investigating the subject here discussed. Prof. F. T. Dillingham of the University of Hawaii, 
and Messrs. F. A. K. Abel, Carl A. Farden, and L. A. Dean have done the analytical work, 
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The procedure was as follows: 


Reagents : Acid — washed and ignited asbestos, 2.5 per cent hydrochloric acid, 2.5 per cent 
hydrofluoric acid. 

Procedure: Weight out, by difference, 1-gm. samples of oven-dry soil [prepared as in the 
Official Methods of the Association of Official Agricultural Chemists edition of Sept. 1920, 
page 309, 2 (a)J into platinum dishes. Measure into a glass cylinder 30 cc. distilled water, 10 
cc. 2.5 per cent HC1, and 10 cc. 2.5 per cent HF ; mix, and pour the mixture carefully upon the 
soil sample. Place the whole upon a boiling water bath and digest it for exactly five minutes. 


PER CEfiT ORGAN/C MATTER 



Fig. 1. Distribution of Nitrogen and Organic Matter in 223 Hawaiian Soils 


Remove it from the bath, allow it to settle for about three minutes, and decant it through a 
Gooch crucible containing a thin felt of washed and ignited asbestos, using suction. 

To the residue in the dish add a second mixture of 30 cc. water, 10 cc. 2.5 per cent HC1 
and 10 cc. 2.5 per cent HF. Digest again on the water bath for exactly five minutes, allow 
to settle, and decant through the Gooch crucible. 

Repeat the foregoing digestions and decantations four times more, making six separate 
digestions in all Then transfer the soil residue completely to the crucible, using hot water 
and a policeman. Wash thoroughly with hot water, using suction. 

Dry the crucible and contents over night in the electric oven at 95° to 100°C. Cool in a 
desiccator and weigh. Ignite the crucible and contents at low redness for one hour. Cool 
and weigh. The loss in weight resulting from ignition represents organic matter. 
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Too high results are probable, because of incomplete removal of the hydrated 
colloids of the soil. It appears unlikely that the percentages of organic matter 
reported are too low. 

The accompanying distribution diagram summarizes the results. The mean 
nitrogen content is 0.31 ± 0.004 per cent, and that of the organic matter is 
3.75 ± 0.03 per cent. The coefficient of correlation between nitrogen and 
organic matter is +0.74. Assuming a factor of 1.72 for carbon to organic 
matter, we get an average carbon percentage of 2.18 and a carbon-nitrogen 
ratio of 7 to 1. The 10 to 1 line has been drawn across the diagram and 
almost all of the samples are shown to be too rich in nitrogen to conform to 
that value. 

There was a tendency for the very dry and very wet lands to run somewhat 
low in organic matter. Some of the driest districts have an annual rainfall 
well below 20 inches, which is rather dry in a subtropical region. In such 
places the organic matter is frequently less than 2 per cent. Some of the 
wettest districts have an excessive leaching of the soil, with resulting soils of 
low' fertility and pH values around 4.0. The districts of moderate rainfall 
tend to have soils which are well provided w ith organic matter. 

It is clear that the nitrogen content of our soils does not agree at all with the 
data presented by Jenny. To be consistent, this average should be less than 
0.1 per cent, whereas it is three times that. On the basis of soil nitrogen, 
Hawaii belongs just south of the Canadian boundary instead of south of the 
Tropic of Cancer. 

A number of years ago, Kelley. (3) emphasized the inert character of the 
nitrogen in the uncultivated Hawaiian soils. He attributed this to lack of 
aeration. The cultivated soils of the pineapple industry receive an unusually 
thorough mechanical preparation; six to ten plowings extending over a period 
of one or two years are customary. Nitrification of added fertilizers takes 
place rapidly in these cultivated lands. Thoroughly prepared lands, before 
being fertilized and planted, sometimes show* nitrate nitrogen contents between 
50 and 100 p.p.m., and commonly over 20 p.p.m. A careful check on the 
organic matter of a number of virgin soils which w ere broken up for pineapples 
has show n a drop in this component with a tendency for the soils to become 
stable at some percentage between 3 and 4. 

Whatever may be the reasons, it seems fairly evident that our Hawaiian 
soils are rich in nitrogen as compared w ith the southern states, and that their 
organic matter contains a higher percentage of nitrogen than the usual run 
of soils of the temperate zone. This latter observation is consistent wdth the 
tendency for the carbon-nitrogen ratio to become narrow er with increasing 
mean annual temperature as brought out by Jenny (2). 
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In previous lysimeter studies at this station it was found that different forms 
and amounts of lime and magnesia exerted divergent effects upon the Cach- 
ings of sulfates that were derived from the soil and rainfall (4, 8, 9). In the 
early period of a subsequent experiment a similar divergence was obtained 
when sulfur additions were made in three forms (10). Further studies de- 
veloped the reasons for the fixation of the sulfate radical by CaO (5, 6). The 
present contribution gives the results obtained in a 12-vear lysimeter study 
of the oxidation of pyrite and elemental sulfur with ferrous sulfate control, as 
influenced by lime and magnesia. The changes that transpired in the soil are 
considered on the basis of: the recovery of sulfur as leached sulfate; the outgo 
of calcium, magnesium, and potassium; and the outgo of nitrates. 

EXPERIMENTAL 

The project was begun August 3, 1917 and terminated August 3, 1929. 
The average annual rainfall during that period was 51 inches. A soil of the 
Hagerstown series, a brown, fairly fertile loam of a slightly sandy phase, was 
used without subsoil. The soil had a total S content of 0.0326 per cent and 
gave an electrometrical pH value of 6.27 in a 1-10 suspension after one hour. 
As determined by NaoCb— Na 2 C 03 fusion, the total CaO and MgO contents 
of the soil were 0.217 per cent and 0.398 per cent, or CaCCVequivalences of 
0. 388 per cent and 0.995 per cent, respectively. 

The sulfur additions — ferrous sulfate, pyrite, and elemental sulfur — were 
made at the constant rate of 1,000 pounds of S to 2, (XX), 000 pounds 
of soil. The sulfur contents of the three materials were 18.15 per cent, 51.95 
per cent, and 99.89 per cent, respectively. Pyrite was included, on the sup- 
position that this cheap mineral would oxidize slowly and thus insure a uniform 
supply of sulfates. The ferrous sulfate was included to eliminate the effect 
of any additive base, to parallel the effect of iron in the pyrite, and to provide 
an absolute check on the outgo of the sulfate radical, instead of depending upon 
theoretical computations. 

Each sulfur carrier was used alone and with lime and magnesia at the CaO- 
equivalent rates of 1 ton and 32 tons. The actual acidity of the ferrous sulfate, 
and that possible from the full oxidation of the pyrite and sulfur, was equivalent 
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to 1,750 pounds of CaO. The 1-ton lime and magnesia treatments were there- 
fore supplemented by this amount. This supplement of CaO or MgO was not 
neutralized with uniform rapidity. The difference between the immediate 
action of the ferrous sulfate and the slower action of the generated sulfate radi- 
cal was cared for by the use of both 2,000-pound and 3,750-pound controls. 
Limestone and dolomite of 100-mesh fineness, and at the CaO-equivalent rate 
of 2,000 pounds, or 3,570 pounds of CaCO s , were also included in the group of 
controls. 


SULFATE OUTGO 

The sulfur additions, increments, and recoveries are expressed through- 
out as pounds of S to 2,000,000 pounds of soil. The percolated sulfates are 
considered as a measure of the speed and ultimate extent of the oxidation of 
pyrite and elemental sulfur. No other record of the use of either sulfate or 
pyrite in lysimeter studies has been found. Recently, however, ferrous sul- 
fate was used as a soil amendment by Kelley and Arny (3) in extensive labora- 
tory-controlled plat studies with alkali soils, and the oxidation of heavy pyrite 
additions in soil cultures was studied by Rudolfs (11). 

N o-sulfur-addition group. The data of the first group in table 1 show that 
all of the six liming treatments produced an increase in the outgo of sulfates. 
In general, the increases were accounted for during the first two years. The 
effects of the four 2,000-pound additions were comparable. The effects of the 
1,750-pound supplements of CaO and MgO were definite, though not extensive. 
It therefore appears that the variations in the rapidity with which the 1,750- 
pound supplements were neutralized did not constitute an important factor 
in the sulfate outgo from the soil itself. 

The relation between increment of sulfates from rainwaters and the outgo 
of sulfates from the no-sulfur control group is shown in table 2. There was no 
actual loss of sulfates from the untreated soil through leaching, since the outgo 
from the control was only 78.8 per cent of that brought down by rain. This 
relationship between increment and outgo was also found recently for a similar 
soil by Ellett and Hill (2). Neither of the limestones, nor the equivalent oxide 
treatments, produced a sulfate leaching equal to that derived from the rain, 
514 pounds. The respective losses from the 3,750-pound lime and magnesia 
additions exceeded the sulfates derived from rainwater by only two per cent 
and four per cent. Increases in outgo of sulfates, as a result of liming, were 
also found by Ellett and Hill (2) for those soils that were not underlaid by sub- 
soil. Economic liming might be considered as causing a decrease in the capac- 
ity of the soil to retain sulfates. In view of the immediate enhancement in 
the sulfate content of the percolates, however, it is more probable that oxida- 
tion of the supply of organic sulfur in the soil was stimulated by the liming. 

Ferrous sulfate group . The ferrous sulfate control gave a large sulfate outgo 
during the first year. This outgo was, however, only a fraction of the greater 
losses induced by the 1-ton supplements of the two oxides, and only 53 per cent 



OXIDATION OF PYRITE AND SULFUR 


445 


of the outgo from the heavy MgO addition. The 32-ton addition of burnt 
lime resulted in the formation of the compound 3 CaO • Al 2 0 8 -3 CaS0 4 -33 H 2 0, 
which is insoluble during the persistence of Ca(OH) 2 ; hence the sulfate outgo 
from the heavily limed ferrous sulfate addition was greatly retarded (6). 

TABLE 1 


The 12-year outgo of sulfate sulfur derived from 1, 000-pound S equivalence additions of ferrous 
sulphate , pyritc and sulfur to a loam soil , as influenced by lime and magnesia supplements 



LIME O* MAGNESIA 
ADDITIONS 


ANNUAL OUTGO OF S IN POUNDS FROM 2,000.000 POUNDS OF SOIL 

TANZ 

NUMBER 

Form 

Rate* 

SULFUR 

ADDITION 

e 

& 

-a 

(3 

C 

8 

(Sj 

"H 

H 

M 

3 

3 

lu 

JC 

& 

K 

C/5 

M 

C 

V 

UJ 

M 

Jc 

tc 

W 

JZ 

a 

2 

a 

o 

H 

Eleventh 

A 

"v 

* 

H 

Total 12 
years 

50 

None 


None 

18 

37 

47 

41 

34 

32 

18 

19 

37 

41 

37 

44 

405 

51 

L.S. 

2,000 

None 

58 

55 

44 

41 

35 

30 

23 

24 

41 

40 

42 

39 

472 

52 

Dol. 

2,000 

None 

62 

56 

46 

41 

37 

29 

24 

30 

48 

46 

46 

42 

507 

53 

CaO 

2,000 

None 

62 

59 

48; 45 

34 

32 

23 

27 

43 

44 

43 

43 

503 

54 

CaO 

.*,750 

None 

81 

56: 49| 40 

35 

30 

26 

30 

46 

42 1 43 

47 

525 

55 

MgO 

2,000 

None 

63 

53 

471 43 

35 

33 

25 28 

40 

44 

42 

41 

494 

56 

MgO 

3,750 

None 

57 

51 


" 

31 

26’ 

30 

40 

41 

45 

44 

536 

57 

None 


FeS0 4 

i : 

534' 180 109 

68 

42 

44 

23 

26 

37 

55 

40 

50 

1,208 

58 

CaO 

3,750 

FeS( h 

829 1 73 

74 

50 

38 

35 

24 

27 

45 

47 

42 

43 

1,427 

59 

MgO 

3,750 

Fe S0 4 

940 129 

61 

46 

37 

34 

26 

31 

42 

47 

47 

44 

1,484 

00 

CaO 

32T 

FeS0 4 

82;178264 221 

147 

39 

31 

33 

49 

45 

49 

47 

1,185 

61 

MgO 

32T 

FeS0 4 

1,007 

1S4 

55; 41 

34 

34 

23 

27 

45 

49 

39 

48 

! 

1,586 

62 

None 

I 

Pyrite 

183 

i i 

279 206116 

! 87! 

62 

30 

i 

34; 52 

66 

43 

i 

! 57 

1,215 

63 

CaO 

3,750 

Pyrite 

189,A6.VI54|I20 

j 92 

75 

51; 53 j 67 

66! 58 

i 56 

1,344 

(4 

MgO 

3,750 

Pyrite 

184 255 13.?! 84 

56 

, 48 

38 

42i 57 

56; 59 

I 52 

1,064 

65 

CaO 

32T 

Pyrite 

32 

67 

97 

132 

1 87 

|l30 

1 14161! Ill 

94! 85 

1 77 

! MS? 

66 

MgO 

32T 

Pyritc 

166,107 

j 

79; 54j 50 

1 

65 

40 

42! 59 

| 

6lj 52 

68 843 

1 

67 

None 


Sulfur 

! 

5071211 

118 

i 1 

70’ 50 

43 

25 

25; 46 

55 

42 

1 50 

1,242 

68 

CaO 

3,750 

Sulfur 

734 236: 78} 51 

38 

31 

23 

29 

42 

42 

43 

! 42 

1,389 

69 

MgO 

3,750 

Sulfur 

817*219 70 

50 37 

34 

26 

! 29j 40 

46 

48 

43 

‘ 1,459 

70 

CaO 

32T 

Sulfur 

89i205j263'218ill7 

47 

35 

34] 48 

47 

S’ 

41 

1,196 

71 

MgO 

32T 

Sulfur 

426 

608 

H7 

51 

37 

35 

22 

26j 48 

I -* 7 

! 39 

i 

47 

! 1,503 

Rainfall 

Average 



. . . .inches 

41 

51 

55 

!* 

i 51 

55 

j 44 

j 35 

51 

,59 

! 55 

i 

58 

; 514 

i 51 


* Pounds, or tons, CaO ^ to 2,000,000 pounds of soil, moisture-free basis. 


The sulfate outgo from the ferrous sulfate control decreased decidedly after 
the first year; the difference between the loss from it and the loss from the un- 
treated soil at the end of the third year was 721 pounds, as cornered with 803 
pounds after 12 years. Thus, in spite of 12 years of leaching, there was a re- 
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tention of 20 per cent of the sulfur added in the ferrous sulfate control. This 
indicates that insoluble sulfate compounds were formed in the soil. On the 
other hand, it is possible that there was a loss of sulfur as a result of reduction 
in the acid soil. No ferrous sulfate appeared in the early leachings from any 
of the ferrous sulfate tanks. The increase in the sulfate radical was accounted 
for by enhancements in leachings of calcium and magnesium. This does not 
confirm the viewpoint of Van Bemmelen (12) that the sulfuric acid radical 
combines with iron in the soil to protect the alkaline-earth bases against solvent 
action and leaching. It does accord, however, with the conclusions of Kelley 
and Amy (3) relative to the reactions that ensue between ferrous sulfate and 
exchangeable calcium and magnesium. 

When the sulfate losses from the two light additions of oxides and the heavy 
addition of magnesia are corrected for outgo from the untreated soil, the re- 
coveries are more than equal to the sulfate content of the ferrous sulfate 
addition. 

Table 1 shows the more rapid outgo of magnesium sulfate. After the third 
year, however, the outgo for the two MgO additions and the 1-ton CaO addi- 
tion was almost identical. The initial sulfate fixation by the heavy lime treat- 
ment was not permanent and the outgo for sulfate alone and for sulfate plus 
32 tons of lime, was practically identical during the last seven years. The 
common-ion effect is not a potent factor during the period subsequent to the 
conversion of the hydrated lime into calcium carbonate. 

Sulfur group. Because of its similarity to the sulfate group, and its dis- 
similarity to the pyrite series, the elemental sulfur group will next be considered. 
At the end of the first year the sulfate outgo from the unlimed sulfur addition 
was only 11 pounds less than one half the amount added. The outgo from the 
sulfur control was practically the same as that from the ferrous sulfate con- 
trol by periods and for the 12-year total. Even without liming, the oxidation 
of the sulfur kept pace with the removal through leaching. The 1-ton addi- 
tions of lime and magnesia caused distinct acceleration in sulfur oxidation and 
gave net sulfate recoveries of 91.5 per cent and 98.1 per cent, respectively, 
during the first two years. The heavy lime addition caused the same marked 
decrease in sulfate outgo that was found for ferrous sulfate. It is most probable 
that the intense alkalinity produced by the heavy addition of lime was inhibi- 
tive to the biological oxidation of elemental sulfur. Nevertheless, it is not 
proved that the heavy lime additions did produce this effect, for had sulfates 
been present as they were in the ferrous sulfate series, they would not have come 
out in the percolates during the persistence of the Ca(OH) 2 . The explanation 
for this chemical phenomenon has been given in the discussion of the ferrous 
sulfate data. 

The first annual outgo of sulfates from the sulfur addition with 32 tons of 
magnesia amounted to only 84 per cent of that obtained from the sulfur alone, 
and only 42.3 per cent of the 1,007-pound outgo from the corresponding ferrous 
sulfate addition. At the end of two years, however, the heavy magnesia 
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treatment gave a net sulfate recovery of 97.9 per cent of the sulfur addition. 
Hence, though delayed in starting, the sulfate recovery from the heavier mag- 
nesia addition caught up with that from each oxide at the lighter rate, and 
ultimately was the largest of the sulfur group. Data in table 1 show that, at 
the 1-ton rate, both oxides gave a full sulfur recovery, but there was a disparity 
of 31.2 per cent between the excess recovery from 32 tons of magnesia and the 
minus value found for the corresponding addition of burnt lime. 

Since the same heavy sulfate outgo was produced from this soil by the 32-ton 
additions without any added sulfur (8, 9), it would appear that the oxidation 
of elemental and native organic sulfur was induced by the same, or a similar, 
organism. 

Pyrite group . In this group the oxidation process was immediate and posi- 
tive, save for the 32-ton addition of burnt lime. Nevertheless, the respective 
generations of sulfates were not nearly so rapid as in the sulfur group. In 
table 1 it is shown that no pyrite addition gave a 100 per cent recovery, and 
only in the case of the 1-ton CaO treatment was the enhanced outgo greater 
than that from the unsupplemented pyrite. The descending order in sulfate 
outgo from heavy magnesia, light magnesia, light lime, control, and heavy lime 
that was found for both the ferrous sulfate and elemental sulfur, was changed 
materially in the pyrite group. The order of outgo from the first four years 
was, pyrite plus one ton of CaO, pyrite alone, and pyrite plus one ton of MgO, 
with respective losses of 826, 784, and 656 pounds. This order did not hold, 
however, for the full 12-year period. The greatest total loss — 1,344 pounds 
for the 1-ton CaO addition— was followed by an outgo of 1,215 pounds from 
the pyrite alone, but the ultimate loss induced by 32 tons of CaO was greater 
than the outgo caused by the light addition of magnesia. In decided contrast 
to the ferrous sulfate and elemental sulfur groups, the minimum loss of sulfates 
came from the 32-ton addition of magnesia in spite of the initial lag in the outgo 
from the heavy lime addition. The minimum sulfate outgo from the pyrite 
and heavy magnesium oxide cannot be explained by assuming that magnesium 
sulfite was formed through reaction between S0 2 and hydrated magnesium 
oxide, for this salt is readily soluble in water, and if leached it would have been 
converted to magnesium sulfate during the analytical procedure. The data of 
the ferrous sulfate and elemental sulfur groups show that magnesium sulfate 
would have come out, had it been present. Hence, it is evident that the 
heavy magnesia additions had a depressive effect upon the production of sulfates 
from the pyrite. If it be assumed that the pyrite was oxidized mainly through 
bacterial action, it follows that the organism that effected oxidation of the py- 
rite was different from that which caused oxidation of the elemental sulfur. 

The oxidation of pyrite may be effected in part by bacteria, as was concluded 
by Rudolfs (11); nevertheless, the mineral sulfide readily undergoes a purely 
chemical change into ferrous sulfate, as indicated by the equation, 


FeS 2 + 30*-FeS0 4 + SO* 
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Distinct evidence of SO 2 is obtained from samples of the finely ground material 
that have been stored in corked bottles. We have confirmed the observations 
of Allen and Johnston (1) to the effect that considerable quantities of ferrous 
sulfate are generated when pyrite is ground to obtain an analytical charge. 
It is quite probable that the generation of sulfates from the added pyrite was 
therefore due in considerable part to purely chemical action. 

The rates of cumulative outgo of sulfate-sulfur from 1,000-pound S-equiva- 
lent additions of pyrite with and without lime and magnesia (table 1) are ma- 
terially different from those resulting from the addition of elemental sulfur and 
ferrous sulfate. The total recovery of 1,215 pounds from the pyrite control 
is in remarkable concordance with the 1,208-pound and 1,242-pound recov- 
eries from the ferrous sulfate, and sulfur controls, respectively. A similar 
concordance was found in the yields of 1,185, 1,187, and 1,196 pounds from 
the same three materials with the 32-ton CaO supplement. Only in the case 


TABLE 2 

Total sulfate S outgo from soil without sulfur increment except through rainfall 

! IN PERCOI.ATES FROM SOIL WITH ADDITIONS OF 


SULFATE S PER 2,000,000 POUNDS OF SOIL, 
MOISTURE FREE BASIS 

No 

treat- 

ment 

100 mesh, 2,000- 
pounds CaO- 
Equi valent 

1 

Burnt lime 

Burnt magnesia 

Lime- 

stone 

Dolo- 

mite 

2,000-lb 

rate 

3.750 lb 

rate 

2,000 lb 

3,750-lb. 

o 

Actual outgo pounds 

405 

472 

507 

503 

525 

494 

536 

Increase over control pounds 


67 ! 

102 

98 

120 

89 

131 

Increase over con trol per cent 


16.5 

25.2 

24.2 

29.6 

22.0 

32.3 

Outgo, as per cent of rainfall incremen t . . 

78.8 

91.8 

98.6 

97.9 

102.1 

96 1 

104.3 


of the pyrite plus 32 tons of CaO, with its early inhibitive action, is there to be 
found an outgo of sulfates that is riot in harmony with the recoveries from the 
other treatments during the last 5-year period, and it is evident that a state of 
virtual equilibrium between sulfur supply and sulfate outgo has been reached. 

OUTGO OF CALCrUM, MAGNESIUM, AND POTASSIUM 
Calcium-magnesium outgo 

Each calcium and magnesium outgo is expressed as pounds CaCOa-equiva- 
lent for each 2,000,000 pounds of soil. 

Control group . The data of table 3 show practically the same outgo of cal- 
cium for the 2,000-pound equivalences of high-calcic lime and limestone. A 
larger outgo came from the 3,750-pound CaO addition. This larger outgo 
was evident in each of the 12 annual periods and aggregated 1,227 pounds of 
CaCOrequivalence. By an increase of seven-eighths of the lime added, the 
enhanced outgo was 2.66 times the actual loss from the 1-ton CaO addition. 
Each increment of magnesium depressed the outgo of calcium, and the 3,750- 
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pound MgO addition was more repressive than the 2,000-pound treatment. 
This repressive effect was exerted by the magnesium content of the dolomite, 
as well as the oxides of magnesium, as has been noted and explained in a pre- 
vious contribution (7). 

The magnesium leachings from the high-calcic additions were uniformly 
lower than the magnesium outgo from the untreated soil (fig. 1). The dolomite 
gave a magnesium outgo practically double that from the untreated soil. 





Fio. 1. Tin: Rkpresmye Effect of Un&i itllmented Additions of Limestone and 
Burnt Lime upon the Outgo of Native Soil Magnesium; the Enhancement in Outgo 
of Native Magnesium Induced ht Un supplemented Additions of Ferrous Sulfate, 
Pyrite. and Elemental Sulfur; and the Depressed Outgo of Native Magnesium 
from Ferrous Sulfate. Pyrite, and Elemental Sulfur When Supplemented with 
Burnt Lime at Two Rates 

Since the 100-mesh dolomite addition had been absorbed before the end of the 
first year, this enhancement is to be attributed to the greater hydrolytic dis- 
integration of the magnesium absorption complex. The complete removal of 
the absorbed magnesium would account for about 87 per cent of the magnesium 
outgo. The enhancement in the magnesium outgo from the 3,750-pound MgO 
addition was exactly 1.875 times that from the 1-ton addition. 

The persistence of liming materials in the soil is considered in the summaries 
given in table 4. The total calcium plus magnesium outgo from the 2,000- 
pound CaO-equivalences of burnt lime, limestone, and dolomite did not differ 
materially, although that from the dolomite was the greatest. The maximum 





The 12-year outgo of calcium from lime and magnesia additions to a loam soil, as influenced by 1,000-pound sulfur additions in the forms of ferrous sulfate, 

Pyrite, and pulverized sulfur 
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enhancement in outgo, however, was equivalent to only 18.1 per cent of the 
addition. A good part of the outgo of Ca + Mg may be attributed to the cal- 
cium and magnesium that is added through rainfall — computed to be 808 
pounds, or 25 per cent of the loss from the untreated soil. If the determined 
outgo of 3,257 pounds from the untreated soil be corrected for the 808-pound 
rainfall increment, the net loss is 2,449 pounds, or 204 pounds yearly. In each 
comparison of CaO and MgO the greater solubility of the magnesium complex 
was responsible for a consistently greater periodic and total Ca + Mg outgo, 
in which was masked the decidedly repressive effect of magnesium upon calcium 
outgo (7). 

The outgo from the limed soils may be logically assumed to have been derived 
mainly from the freshly formed and more soluble absorption complexes. If it 
be true that the entire calcium-magnesium outgo was due to the liming mate- 
rials, and that the original calcium-magnesium content continued in the original 
state, it would mean that, as an average, 92.3 per cent of the added materials — 

TAIJLE 4 

The conservation of Ca + M g from single economic additions * of burnt lime and 100-mesh lime - 
stone and dolomite , as measured by the outgo over a 12-year period — terms 
of CaCOi o per 2,000,000 pounds of soil 


outgo op Ca + Mg, as CaCOi o 

FROM 

UNTBKATED 

SOIL 

raoM CaO 

ADDITION 

FROM 

LIMESTONE 

ADDITION 

FROM 

DOLOMITE 

ADDITION 

Actual. . . 

i 

1 

3,257 

3,892 

3,712 

3,934 

Increase. 



635 

455 

677 

Increase. 



17.8 

12.7 

18. 


* 2,000-pound CaO o, or 3, 570-pound CaC0 3 o. 


burnt lime, limestone, and dolomite — had been lost by leaching during the 12- 
year period. To a certain extent this may be true, but it could not be the 
absolute condition in the case of the burnt lime and limestone, because the 
leached magnesium was derived almost entirely from the soil’s original supply, 
plus precipitation, in both limed and unlimed soil, in spite of the “reciprocally 
repressive” effect. If the outgo of magnesium from the untreated soil and that 
from the limed soil be considered as identical, and all of the calcium loss be con- 
sidered as derived from the added lime, then the recovery of calcium from the 
burnt lime would be 86 per cent of the addition. A similar calculation would 
give an 85 per cent loss from the 100-mesh limestone. Since the dolomite gave 
a calcium outgo of less than that from the untreated soil, the effect exerted by 
absorbed magnesium was probably to conserve the original calcium; therefore, 
the calcium outgo from the dolomite treatment may be attributed in most part 
to the calcium content of the dolomite. 

Sulfur-addition groups. The relationships found for the total outgo of both 
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calcium and magnesium from the triplicated additions of lime and magnesia 
are such that the three sulfur groups may well be considered together. The 
total enhancement in calcium outgo was comparable for the three unsupple- 
mented sulfur materials. It is interesting to observe, however, that the pyrite 
addition gave an outgo of calcium in excess of that from the ferrous sulfate and 
that from sulfur during each of the last 11 annual periods. The order of 
calcium outgo was the same for each sulfur material— heavy lime, light lime, 
sulfur material, light magnesia, and heavy magnesia additions. In like manner 
there was a constant order of magnesium outgo for all three groups — heavy 
magnesia, light magnesia, sulfur material, light lime, and heavy lime additions. 
On the whole, the total calcium, or magnesium, outgo from each liming mate- 
rial w r as uniform, irrespective of the form in which sulfur was added. The one 
notable exception was the smaller outgo of calcium from the heavy addition of 
burnt lime with ferrous sulfate, as compared with larger and concordant loses 
from the heavy addition with supplements of sulfur and pyrite. 

A previous paper (7) shows the repressive effect that magnesium exerted upon 
calcium outgo in the unsulfured soil. It also shows that the unsupplemented 
sulfur materials caused a uniform increase in the outgo of calcium from the 
native supplies. It is strikingly evident that the magnesic additions protected 
the native calcium against the action of the sulfate radical, so that the calcium 
outgo from each sulfur material with a magnesia supplement was less than that 
from the untreated soil. In this respect the heavier additions of magnesia were 
consistently more effective. This means that even the 1-ton MgO addition 
prevented any interchange between the exchangeable calcium of the soil and 
the magnesium content of the 3, 750-pound magnesium sulfate increments. In 
figure 1 is shown the corresponding repressive and protective tendency of liming 
materials upon magnesium outgo. The single exception found w*as the pyrite 
with the 1-ton addition of burnt lime. In this case, where the sulfates were 
generated slowly over a long period, the magnesium outgo was approximately 
that from the untreated soil. 


Potassium outgo 

The potassium outgo may be discussed briefly as a wiiole. All of the light 
unsupplemcnted, calcic and magnesic materials caused some depression in 
the total outgo of potassium (table 5). Neither of the unsupplemented sulfur- 
carriers induced a positive liberation of potassium in the acid soil, in spite 
of the bathing action of neutral salts of calcium and magnesium that were 
supplied immediately in one case and progressively in two cases. When used 
wdth the three sulfur materials, each addition of lime and of magnesia caused 
a definite decrease in potash outgo, the heavier additions being consistently 
more effective. There is a remarkable agreement in the potassium leachings 
obtained from each liming material, at each rate, when used with the three 
sulfur materials. 
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OUTGO OF NITRATE 

The annual and total losses of nitrate nitrogen are given in table 6. Five 
of the six liming treatments without sulfur caused some increase in the outgo 
of nitrogen. The losses induced by the 3,750-pound additions were somewhat 


The influence of various forms and amounts of calcic and magnesic materials and three sulfur 
supplements upon the outgo of the native potash of a loam soil over a 12-year period 


LIME OS MAGNESIA 
ADDITIONS 

sui.ru* 

™ addition! 

Form Rate* 


ANNUAL OUTGO OF K IN POUNDS, FROM 2 , 000,000 POUNDS OF SOIL 


50 None 


11.8 8.4112.7 7.0i6.25.53.6 6.3 11.5 10.6 8.3 9 0U01 


51 L.S. 2,000 None 9.0 7.0 9.0 9.5!7 83 1(4 0 6.3 10.1 13.5 6.3 9.0j 95 

52 Dol. 2,000 None 7.4 5.5 9 6 8. 54. lb 84.4 4.8 6.8 5.012.4 6 7 79 

53 CaO 2,000 None 9.2 6.7 10.2 11.2 4 7,4 54 3 6 2 8 7 4.9 11.4 4.8 87 

54 CaO 3,750 None 5.6 6.811 6 7.54 l|.3 62.4 5 6 9.9 13.1 10.1 7 0 87 

55 MgO 2,000 None 7.7 6.1 8.5 5. 1 4 4;2.54 5l 6.7 9.8 7 0 4.0 6 3 73 

56 MgO 3,750 None 8.5 6.3 9.8 8.94 2*3.2 4.2 8 610 1 5.0 4.8 9.0 83 

57 None FeSO, 14.8 10.2 9.612.2 6.6-5.44 0 5 8 6.8 9.4 5.4 9 oj 99 

58 CaO 3,750 FeSO, 6.0 7.3 10.2 7.74.512 93 0 3 1 9.7 8 2 5.2 6 2 74 

59 MgO 3,750 FeSO, 5.3 5.7 15.4 8.33.33.54.7 5.0 10.1 7.6 4.3 5 3 79 

60 CaO 32T FeSO, 5.4 5.3 14.6 5.54.92.33 0 2 2 9 8 10 6 5.4 7.9 77 

61 MgO 32T FeSO, 10.3 4.4 6.9 4.2 2.3:0.63.7 12.6 7.8 5.5 3.3 7.0j 69 

62 None Pyrite 11 .6 10.6 1 1 .3 10 8 6 Js.3 2 .2 4 .0 14 3 6 8 8 2 10 6*102 

63 CaO 3,750 Pyrite 6.5 10.8 8.1 7.5 5 . 2*2 .8 2.4 2 8 8.0 4.8 4.0 8 4| 71 

64 MgO 3,750 Pyrite 8.7 6 0 9.5 3.52 52.23.3 5 1 12 4 4 9 3.5 4 9! 67 

65 CaO 32T Pyrite 6 4 7.0 9 6 8.85.l|2.94.0 2.6 7.5 7.0 3.7 5 8j 70 

66 MgO 32T Pyrite 8.2 4 6 7 6 4.5,2.4:0.84.3 2 5 9 6 4.9 3.4 10 oi 63 


67 None Sulfur 15.1 11.1 14.7 9.4 5.3 5.34.4 8.6 8.8 8.3 6.7 7.2 105 

68 CaO 3,750 Sulfur 6.6 10.7 10.4 8.9 5.2 1.6:3.9 3 610.9 5.5 2.9 6.9 77 

69 MgO 3,750 Sulfur 12.7 7.7 8.6 7.63.5 1.74.0 3.6 9 1 6.2 3.2 6 2 74 

70 CaO 32T Sulfur 8.4 6.5 7.7 11.06. 0j3. 23. 3 2.9 7.8 5.2 6.2 7.2 75 

71 MgO 32T Sulfur 8 0 3.5 7.4 3.62.3 1.53.1 6.0 7.4 4.9 2 8 8.9 59 

Rainfall inches 41 51 55 56 51 55 44 35 51 59 55 58 611 

Average 51 

* Pounds or tons, CaO o to each 2,000,000 pounds of soil, moisture-free basis. 

| Constant rate of 1,000 pounds of S to 2,000,000 pounds of soil, moisture-free basis. 


greater than those from the 2,000-pound CaO-equivalent additions, and mag- 
nesia tended to give a greater outgo than did lime. 

The outgo from each unsupplemented sulfur material was less than that 
from the untreated soil. The ferrous sulfate control gave the minimum for 
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the 22 tanks. Each light addition of lime and magnesia gave an increased 
outgo of nitrates, when used with each of the three sulfur materials. In 
each of the pairs of CaO and MgO at the 1-ton-plus rate, the magnesia gave 
the greater outgo. A reverse relationship was obtained in a similar com- 

TABLE 6 

The 12-year outgo of nitrate nitrogen from a loam soil as influenced by 1,000-pound S-equivalent 

/i/Z/Zi/i/iMr rt/ nuA ei/fftt* mAflt n*iA niAfltrm t nviA 


TANK 

NUMBER 

LIME OR MAGNESIA j 
ADDITIONS 

SULFUR 

ADDITIONS 

Form 

Rate* 

50 

None 


None 

51 

L.S. 

2,000 

None 

52 

I)ol. 

2,000 

. None 

53 ! 

CaO 

2,000 

None 

54 ! 

CaO 

3,750 

| None 

55 i 

MgO 

2,000 

None 

56 

MgO 

3,750 

None 

57 

None 


FcS0 4 

58 

CaO 

3,750 

FeS0 4 

50 

MgO 

3,750 

j FcSOi 

60 

CaO 

32T 

FeS0 4 

61 

MgO 

j 

i2T 

FcSG 4 

62 

None 


Pyrite 

63 

CaO 

3,750 

| Pyrite 

64 

MgO 

3,750 

1 Pyrite 

65 

CaO 

; 32T 

Pyrite 

66 

MgO 

32T 

| Pyrite 

67 

None 


Sulfur 

68 

CaO 

3,750 

Sulfur 

60 

MgO 

3,750 

Sulfur 

70 

CaO 

32 T 

Sulfur 

71 

MgO 

32 T 

Sulfur 


ANNUAL OUTGO OF NITRATE N IN POUNDS, FROM 2,000,000 POUNDS 
OF SOIL 


First 

Second 

Third 

Fourth 

Fifth 

J= 

\ 7i 

Seventh 

Eighth 

Ninth 

Tenth 

Eleventh 

Twelfth 

Total 12 
years 

24 

49 

15 

23 

20 

17 

18 

8 

34 

u 

18 

16 

253 

21 

63 

27 

33 

14 

13 

21 

11 

30 

14 

17 

20 

284 

20 

54 

20 

28 

14 

9 

13 

8 

32 

5 

15 

13 

231 

24 

58 

25 

29 

15 

19, 20 

13 

33 

5 

14 

13 

268 

40 

72 

35 

19 

16 

1' 

14 

11 

34 

13 

21 

20 

312 

34 

55 

27 

25 

18 

20 

16 

13 

31 

7 

19 

17 

282 

41 

66 

35 

39 

16 

16 

17 

12 

32 

5 

20 

23 

322 

13 

37 

16 

17 

12 

10 

12 

11 

31 

9 

19 

u 

198 

22 

49 

25 

23 

19 

14 

20 

14 

33 

8 

17 

16 

260 

23 

46 

30 

28 

22 

22 

18 

18 

35 

8 

16 

18 

m 

15 

129 

111 

59 

32 

18 

11 

15 

40 

11 

24 

17 

482 

26 

145 

70 

35 

25 

27 

20 

23 

29 

5 

- 

20 

451 

17 

28 

17 

20 

24 

19 

14 

17 

30 

7 

18 

16 

227 

46 

55 

26 

28 

! 15 

24 

14 

! ii; 

! 37, 

5; 16 

! 14 

291 

51 

61 

27 

30 

18 

21 

16 

14! 

! 38, 

5 

17 

16 

314 

24 

125 

108 

99 

49 

27 

17 

I 2 

34 

7 

21 

19 

542 

35 

106 

46 ; 

32 

1 

24: 

1 

44 

26 

22 

30 

5 

23 

20: 

413 

13 

34 

16 

20 

16 

l7 l 

16 

15 

1 ! 

! 36 

8 

17 

i 

12 

220 

22 

45 

24 

27 

16 

16 

16 

16 

35 

5 

23 

15 

260 

30 

52 

21 

28 

is! 

18 

15 

13 

36 

6 

20 

15 

272 

18 

136 

75 

103 

49 

35! 

18 

14 

38 

5 

24 

! 16 

| 531 

22 

141 

49 

40 

26 

37| 

26 

20 

30 

5 

25 

28 

j 449 

41 

51 

55 

56 


i 5 *! 

44 

35 

51 

59 

55j 58 

1 


' Pounds or tons, to each 2,000,000 pounds of soil, moisture-free basis. 


parison of the 32-ton additions. The intensive alkalinity of the heavy lime 
treatment produced a partial sterility during most of the initial year; but 
during the second, third, and fourth years the recovery was very marked. 
During the first year, two of the first four percolate collections from each 32- 
ton addition of lime were devoid of nitrates. In each case the amount of 
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nitrogen that passed out between the beginning of the experiment, August 3, 
1917, and April 22, 1918, was less than 1 pound. The nitrate-nitrogen leached 
out between April 22, and the first birthday, August 3, 1918, therefore 
amounted to approximately 14, 23, and 17 pounds for the 32-ton CaO additions 
with ferrous sulfate, pyrite, and sulfur, respectively. The initial effect of the 
MgO was not repressive, nor did it show a subsequent accelerative effect as 
great as that shown by the heavy lime addition. It may be concluded that 
a sulfur addition will be apt to cause a reduction in the generation of nitrates, 
but that this effect is eliminated when moderate additions of lime and mag- 
nesia are also made. 


SUMMARY 

The oxidation of 1, 000-pound sulfur additions of pyrite and elemental 
sulfur, as influenced by lime and magnesia, was studied with ferrous sulfate 
control in a 12-year lysimeter experiment without subsoil, through determina- 
tion of the outgo of sulfates, calcium, magnesium, potassium, and nitrates. 

Burnt lime, magnesia, limestone, and dolomite gave increases in sulfate 
outgo, but no 2,000-pound calcium oxide equivalent addition gave a sulfate 
outgo equal to the sulfates supplied by rainfall. 

Sulfate outgo from ferrous sulfate additions corresponded to that from 
sulfur in the order of heavy magnesia, light magnesia, light lime, sulfur mater- 
ial alone, and heavy lime. The order of outgo from the pyrite was light lime, 
pyrite alone, heavy lime, light magnesia, and heavy magnesia. The divergent 
effect of lime and magnesia indicated that the organism that induced oxidation 
of organic soil sulfur and elemental sulfur was different from the one that 
produced sulfates from pyrite. The chemical oxidation of pyrite was also 
considered. 

Complete recoveries of the sulfate radical were obtained from the ferrous 
sulfate additions with light calcium and magnesium oxides and heavy mag- 
nesium oxide supplements, but 'not from the sulfate alone or sulfate plus 32 
tons of lime. Complete sulfate-equivalences of the elemental sulfur were 
obtained from the two megnesia supplements, but not from the sulfur control, 
or the sulfur addition with lime supplements. Complete recovery was not 
obtained from any one of the five pyrite additions. The formation of insoluble 
sulfates and the reduction of sulfates are considered as factors responsible for 
incomplete sulfate recoveries. 

The increases in the outgo of calcium and magnesium from the unsupple- 
mented liming materials were considered in connection with absorbed and 
natural bases, as affecting the persistence of the additions and the protection 
afforded native materials. 

The total losses of calcium and magnesium from the several additions 
were generally in close agreement, irrespective of the form of the added sulfur, 
although the periodic outgo was materially influenced by the nature of the 
sulfur addition. 
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Each of the six single liming treatments effected a decrease in the outgo 
of potassium, and no unsupplemented sulfur material produced a positive 
increase in the outgo of potassium from the acid soil. Each lime and magnesia 
addition produced a marked decrease in potassium outgo from the several 
combinations with sulfur materials, the heavier additions being more active 
in their repressive effect. 

Some increase in total nitrate outgo was induced by the single additions 
of liming materials. Each of the unsupplemented sulfur materials produced 
a decrease in nitrate outgo, but the lime and magnesia supplements overcame 
this tendency. The light additions of magnesia caused a greater nitrate outgo 
than did the light lime supplements. The reverse was true for the heavy 
additions, in spite of an absolute initial inhibition by the 32-ton calcium oxide 
supplements. 
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Soil colloidal materials divide themselves electrokinetically into positive 
and negative colloids. Most soil colloids consist of silica, humus, and the 
sesquioxides of iron and aluminum. Silica and humus are strictly electro- 
negative. They adsorb and combine with bases and are, according to the 
terminology of Michaelis (12), acidoid colloids. The sesquioxides are elec- 
trical ampholytes, being electropositive in acid and electronegative in alkaline 
solutions. The position of their isoelectric point with respect to the pH de- 
pends upon the nature of the acid anion which always enters into the com- 
position in their electropositive condition. The sesquioxides adsorb both 
acids and bases and are therefore ampholytoid colloids. 

Since positive and negative sols mutually flocculate and electrically neu- 
tralize each other, forming new combinations, the properties of which vary 
with the relative proportion of each component, it is obviously of the greatest 
importance to learn something about the laws governing such reactions. In 
order to understand the soil forming processes it is first necessary to know 
something about the behavior of the soil colloids, for it is these, which, by 
flocculation and deposition in one layer and by dispersion and migration to 
another layer, give rise to the development of soil horizons. 

In a previous paper (9) a series of alumino-silicates, isoelectricallv precipi- 
tated, were studied. In the present work this study has been extended to 
include other important combinations which can be isoelectrically precipi- 
tated. The isoelectric precipitates prepared and studied in this work include: 
iron and aluminum silicates, humates, phosphates, and hydroxides, together 
with various mixtures of these combinations. 

METHOD 

Accurately measured portions of the two solutions, A and B, to be mixed 
were placed in separate beakers and sufficient water was added to make a 
combined volume of 50 cc. The mixing was rapidly done by pouring the con- 
tent of one of the beakers into the other and then back into the first, then 
again into the second, and finally into a large stoppered pyrex test tube. 

1 Journal series paper of the New Jersey Agricultural Experiment Station, Department of 
Soil Chemistry and Bacteriology, 
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The precipitating zone was found by a preliminary test by running one of the 
solutions into the other from a burette until a rapid flocculation was observed. 
This zone was then covered by a series of tubes prepared as explained, either 
by varying the volume of one of the two solutions or, when the proportions 
of the solutions were kept constant, by changing the pH by adding HC1 or 
NaOH as the case required. The HC1 was always added to the iron and 
aluminum solutions and the NaOH to the silicate, humate, and phosphate 
solutions before these solutions were mixed. 

The flocculations after the solutions were mixed and after they were allowed 
to stand over night are recorded in the tables. The latter is represented by 
crosses, x signifying slight, xx about half complete, xxx nearly complete, and 
xxxx complete flocculation. The tubes were then shaken and the cata- 
phoresis measurements made as described elsewhere (10). The pH was 
determined colorimetrically. 

From the isoelectric proportions thus found, either directly or by inter- 
polation of the migration velocities, a larger quantity, usually 2.5 liters, was 
prepared by mixing the same proportions of the various solutions in exactly 
the same manner. Since the liquid cannot be removed from the floe without 
disturbing the equilibrium, the composition of the floe was determined by 
analyzing the supernatant liquid. The Cl and SO 4 ions in the floe were deter- 
mined by subtracting the quantity found in a measured volume of supernatant 
liquid from the quantity found in the same volume of liquid which contained 
the floe. 


ISOELECTRIC “HYDROXIDES” OF IRON AND ALUMINUM 

The electrokinetic behavior at various degrees of alkalization and the 
composition of the isoelectric precipitates of the “hydroxides” of aluminum 
and iron are shown in tables 29-32. 

We speak about electropositive iron and aluminum hydroxides, thereby 
implying that the definite conlpounds Fe(OH) 3 and Al(OH) 3 carry a positive 
charge and migrate to the cathode when, as a matter of fact, these materials 
are electronegative. It is well known that positive iron and aluminum “hydrox- 
ides” contain a certain amount of acid anions. The more acid the medium 
the greater the quantity of anions in the complex and the more strongly 
electropositive it is, until the complex resolves itself into a dispersion of single 
ions. The colloid chemist cannot rightly speak about his colloidal com- 
plexes in terms of definite compounds whether he is dealing with negative 
arsenious sulfide or positive iron hydroxide. A definite compound implies a 
stoichiometric relationship between the constituent parts. In a colloidal 
complex there is no such definite relationship, which exists probably only 
in the interior of the crystal lattice. At the interfaces the free valences 
attract the various ions present in the solution and these ions combine with 
the surface layer in proportion as their solution tension and hydration de- 
creases. BaSC >4 is positive with an excess of Ba ions and negative with an 
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TABLE 29 

The AlClx + NaOH— System No. 3 


A. 5.0 millimols A1CU in 1,000 cc. 

B. 20.0 millimols NaOH in 1,000 cc. 


SOLUTION A 

SOLUTION B* 

FLOCCULATION 

m/ sec. 

1 VOLT/CM. 

pH 

After mixing 

Overnight 

CC. 

CC. 





20 

14.5 

Clear 

0 



20 

15.0 

Instant 

xxxx 

+1.38 

. . . 

20 

15.5 

Instant 

xxxx 

+0.61 

7.7 

20 

t 16.0 

Instant 

xxxx 

+0.0 

8.1 

20 

16.5 

Instant 

xxxx 

—0.47 

8.4 

20 

17.0 

Instant 

xxxx 

' -0.67 

. . . 

20 

17.5 

Rapid 

xxxx 

-1.01 


. 20 

18.5 

Clear 

X 




* Plus water to make 30 cc. or a total volume of 50 cc. 

Isoelectric mixture: 

5.0 millimols A1C1 3 in 1,000 cc. 

16.0 millimols NaOH in 1,500 cc. 
pH 8.0. 

Composition of floe: (AljOslm * AI 2 O 2 CI 2 or 0.0048 equivalent Cl per mol A1 2 0 3 . 

TABLE 30 

The FeCk + NaOH — System No. 4 

A. 5.0 millimols FeCl 3 in 1,000 cc. 

B. 20.0 millimols NaOH in 1,000 cc. 


SOLUTION A 

; 

SOLUTION B 

| FLOCCULATION ! 

M 'SEC. 

1 VOLT/CM. 

PH 

Auer mixing 

Overnight 

cc. 

CC. 





20 

14.5 

Clear 

0 



20 

14.75 

Opal 

XXXX 

+2.53 

6.2 

20 

14.88 

Instant 

xxxx 

+ 1.29 

6.5 

20 

15.0 

Instant 

xxxx 

+ 1.04 

6. 75 

20 

15.12 

Instant 

xxxx 

+0.93 

6.9 

20 

15.25 

Instant 

xxxx 

+0.0 

7.1 

20 

15.38 

Instant 

xxxx 

-0.48 

7.2 

20 

15.5 

Instant 

xxxx 

-1.08 

7.55 

20 

15.75 

Clear 

xxxx 

-3.20 

8.2 


Isoelectric mixture: 

5.0 millimols FeCU in 1,000 cc. 

15.25 millimols NaOH in 1,500 cc. 
pH 7.15. 

Composition of floe: (FeiO»)ji 7 *FeaOjClj or 0.0052 equivalent Cl per mol FejOi. 
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TABLE 31 

The Ak(SOi)i + NaOH— System No. 2 


A. 2.5 millimols A^SO^a in 1,000 cc. 

B. 20.0 millimols NaOH in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

m/SEC. 

1 VOLT /CM. 

pH 

After mixing 

Overnight 

CC. 

CC. 





20 

5.0 

Slow 

XX 

+0.87 

. . . 

20 

7.5 

Rapid 

XX 



20 

10.0 

Instant 

xxxx 

+0.87 


20 

14.0 

Instant 

xxxx 

+0.55 


20 

14.5 

Instant 

xxxx 

+0.38 

7.3 

20 

15.0 

Instant 

xxxx 

±0.0 

7.6 

20 

15.5 

Instant 

xxxx 

-0.76 

8.0 

20 

16.5 

Instant 

xxxx 

-1.01 


20 

17.5 

Rapid 

XXX 



20 

18.5 

Slow 

XX 

— 2.33 

... 


Isoelectric mixture: 

2 . 5 millimols AlsCSOOs in 1,000 cc. 

15.0 millimols NaOH in 1,500 cc. 
pH 7.5. 

Composition of floe: (Al 2 0 3 )i2.«* AI2O2SO4 or 0.0737 mol S 0 4 per mol A1 2 Oj. 

TABLE 32 


The Fet(SOi)i + NaOH — System No. 1 

A. 2.5 millimols Fe 2 (S 04) 3 in 1,000 cc. 

B. 20.0 millimol$ NaOH in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

A*/S EC. 

1 VOLT /CM. 

P H 

After mixing 

Overnight 

CC. 

CC. 





20 

5.0 

Slow 

XX 

+0.32 


20 

7.5 

Rapid 

XXX 

+0.30 


20 

10.0 

Instant 

xxxx 

+0.30 


20 

14.0 

Instant 

xxxx 

+0.47 


20 

14.5 

Instant 

xxxx 

+0.47 


20 

15.0 

Instant 

xxxx 

+0.61 

6.4 

20 

15.5 

Instant 

xxxx 

+0.40 

7.0 

20 

16.0 

Rapid 

xxxx 

-1.78 

7.8 

20 

16.5 

Slow 

xxxx 

“2.75 



Isoelectric mixture: 

2.5 millimols Fe 2 (SC> 4 )i in 1,000 cc. 

15.59 millimols NaOH in 1,500 cc. 
pH 7.05. 

Composition of floe : (FejOa^ • Fe 2 02 S 04 or 0.0135 mol SO 4 per mol FejOj. 





LAWS OF SOIL COLLOIDAL BEHAVIOR: III 


463 


excess of SO 4 ions in the solution (10). Agl is positive with an excess of Ag 
ions and negative with an excess of I ions in the solution (6). The more 
highly dispersed these materials are, that is, the greater the surface exposed 
and the more electropositive or electronegative they are, that is, the greater 
the excess of a cation or anion in the adsorption layer, the more their com- 
position will depart from a stoichiometric relationship. Hence the “occlu- 
sion” spoken of by the analytical chemist. 

The composition of a colloidal complex varies constantly with several 
factors, such as the pH, the composition and concentration of the dispersing 
solution, and the temperature. Its composition is also influenced by the 
manner of mixing the reacting solutions, as we shall see. It is also affected 
by time, as shown by the phenomenom of aging and by a drift in the iso- 
electric point which is always observed. There must be a balance within 
the micelle between the positive and negative ions but a stoichiometric rela- 
tionship between any pair of ions must be accidental. 

Returning now to a discussion of the tables, we note, that not even the 
isoelectric “hydroxides” of iron and aluminum are purely hydroxides. They 
still retain some of the acid anions. This might be explained as follows: 
In general all inert substances charge themselves negatively in water. This 
may be accounted for by assuming the electrical forces within the oriented, 
interfacial layers of molecules to be such as to attract and fix the OH ions 
of the water while the H ions (or any other cation which might have dis- 
placed the H ions) remain free and diffused into the surrounding water, w r hich 
then assumes a corresponding positive charge. The resulting complex in 
the case of negative iron and aluminum hydroxides may be represented thus: 

Fe(OH) 3 OH- + H+ and Al(OH) 3 OH- + H+ 

In a NaOH solution these materials, like all others, become strongly electro- 
negative, as the following formula would explain: 

Fc(OH) 3 OH- + Na+ and Al(OH) 3 OH" + Na+ 

Both hydroxides adsorb quantities of the base in alkaline solutions. The 
combination formed is commonly assumed to be in the form of an aluminate, 
thus: 


Al(OH)j + NaOH * NaAlOj + 2H*0 

There is, however, no proof of this. The combination is more likely to be 
in the form of a simple addition such as NaAl(OH) 4 . This seems to be the 
way bases combine with soil colloids (9). 

Substances which charge themselves positively in water do so by adsorbing 
an excess of the cations, thus: 

(B&SOOx Ba ++ + 2C1~ and (Agl), Ag+ + NOT 
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or by dissociating a diffusible anion as the oxychlorides of the sesquioxides, 
thus: 


AW+ + 2C1- or (A1A). AlaO,** + 2C1~ 

To return to the question, if the iron and aluminum compounds are negative 
in this form: 


and positive in this: 


[A1(OH)*] x OH- + Na+ 


(A1 2 Oj), AlaOj ++ + 2C1“ 

then it is evident that the isoelectric complex must still retain some of the 
acid anions, for otherwise it would be negative. 

The isoelectric point is, according to Michaelis (13) that point at which the 
ampholyte dissociates an equal number of anions and cations. This would 
of course result in an isoelectric amphoteric complex as represented by the 
following scheme. 



+ 


isoelectric diffusible 

complex ions 


Such an isoelectric ion complex is electrically compensated internally. There 
is, therefore, nothing to prevent the diffusible ions from diffusing into the 
surrounding medium, since under these conditions they are always paired. 
There can, therefore, be no ion atmosphere surrounding an isoelectric particle. 
This leads to the following important consequences: 

The swelling, the viscosity, the osmotic pressure, and the Donnan potential are all at a 
minimum at the isoelectric point, as found by Loeb in the case of the proteins (5). 

The “purification” of a colloid, [i.e. the removal of diffusible ions, is most readily ao 
complished at the isoelectric point. 

It is interesting to note that considerably more of the SO 4 ion than of the 
Cl ion is retained at the isoelectric point. This shows that the SO4 ion is 
much less dissociated by the complex than is the monovalent Cl ion. This 
is in harmony with the observation, reported elsewhere ( 8 ), that the ampho- 
teric Aragon soil colloid adsorbed 0.269 milliequivalents SO4 and only 0.044 
m. e. Cl per gram from solutions of the respective acids, but was much more 
strongly electropositive in the HC 1 than in the H2SO4 solution, the corre- 
sponding migration velocities toward the cathode being 0.6 and 2.8m per second 
respectively. 
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TABLE 33 


The AlCl% + NaJIPOi — System No. 5 

A. 4.96 milliraols AlCl* in 1,000 cc. 

B. 10.228 millimols NasHPC^ in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

m/sec. 

1 VOLT /CM. 

pH 

After mixing 

Overnight 

CC. 

CC. 





20 

■SB 

Opal 

xxxx 

+1.78 

4.0 


;■ 

Slow 

xxxx 

+0.92 

4.3 

■ 

19.5 

Rapid 

xxxx 




20.0 

Rapid 

xxxx 

-0.15 

5.0 

20 


Rapid 

xxxx 

-0.67 

5.4 



Rapid 

xxxx 

-0.98 

5.7 

20 


Slow 

xxxx 

-1.30 

5.95 


Isoelectric mixture: 

4.96 millimols AlCb in 1 ,000 cc. 
10.156 millimols Na 8 HP0 4 in 1,500 cc. 
pH 4.9. 

PO 4 in solution: 5.904 millimols. 

PO4 combined: 4.252 millimols. 
Composition : A1 2 Oj • (IVWo. w . 


TABLE 34 


The FcCh + NciiUPOi — System No. 6 

A. 5.0 millimols FeCl» in 1,000 cc. 

B. 10.228 millimols Na*HP0 4 in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

M SEC. 

1 VOLT/CM. 

pH 

After mixing 

Overnight 

CC. 

cc . 





20 

13.0 

Opal 

XXXX 

+1.68 


20 

15.0 

Instant 

xxxx 

+ 1.16 

3.3 

20 

17.0 

Instant 

xxxx 

+0.67 

3.5 

20 

18.0 

Instant 

xxxx 

+0.38 

3.8 

20 

18.5 

Instant 

xxxx 

+0.10 

4.0 

20 

19.0 

Instant 

xxxx 

—0.43 

4.2 

20 

19.5 

Instant 

xxxx 

-0.58 

4.4 

20 

21.0 

Opal 

XXX 

-1.68 

5.0 


Isoelectric mixture: 

5.0 millimols FcCU in 1,000 cc. 
9.512 millimols Na,HP0 4 in 1,500 cc. 
pH 4.0. 

POiin solution: 4.943 millimols. 

PO4 combined: 4.569 millimols. 
Composition : Fe*0* * (Pj0 6 )o. bu. 
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TABLE 35 

The AlCh + NaiPOi — System No. 7 

A. 5.0 miliimols A1CU in 1,000 cc. 

B. 5.114 miliimols Na s P 04 in i,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

m/sec 

1 VOLT/CM. 

pH 

After mixing 

Overnight 

CC. 

CC. 





20 

19.0 

Opal 

0 



20 

20.0 

Opal 

XX 



20 

20.5 

Slow 

xxxx 

+1.32 


20 

21.0 

Rapid 

xxxx 

+0.50 

5.5 

20 

21.5 

Rapid 

xxxx 

-0.25 

5.7 

20 

22.0 

Rapid 

xxxx 

-0.70 


20 

22.5 

Rapid 

xxxx 

-1.08 


20 

23.0 

Slow 

xxxx 

-1.10 

6.4 

20 

24.0 

Opal 

xxxx 



20 

25.0 

Opal 

XXX 




Isoelectric mixture : 

5.0 miliimols A1C1 3 in 1,000 cc. 
5.482 miliimols Na 3 P0 4 in 1,500 cc. 
pH 5.6. 

P0 4 in solution: 1.639 miliimols. 

PO4 combined: 3.843 miliimols. 
Composition : A1 2 0 3 • (PaO*) 0 . 7 68. 


TABLE 36 


The AlClz + NaiPOi + NaOH— System No. 8 


A. 

B. 


5.0 miliimols AlCls in 1,000 cc. 
5.114 miliimols NaaHPO*! 

20.0 miliimols NaOH J 


in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

m/SEC. 

pH 

After nyxing 

Overnight 

1 VOLT/CM. 

CC. 

20 

CC. 

9.4 

Opal 

0 


4.6 

20 

9.5 

Opal 

0 


5.1 

20 

9.6 

Slow 

xxxx 

+1.38 

6.0 

20 

9.8 

Instant 

xxxx 

-0.38 

6.5 

20 

10.0 

Rapid 

xxxx 

-1.08 

6.8 

20 

10.2 

Rapid 

xxxx 

-1.32 

6.9 

20 

10.4 

Slow 

xxxx 

-1.68 

7.0 

20 

10.5 

Opal 

XX 


7.1 


Isoelectric mixture: 

5.0 miliimols A1CU in 1,000 cc. 
2.495 miliimols NajHPO 
9.76 miliimols NaOH 
pH 6.45. 

PO4 in solution: 0.085 millimol. 
PO4 combined: 2.410 miliimols. 
Composition: AlsO> (PjO*)o,4<». 


V 


in 1,500 cc. 
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The alumina retains nearly six times as much SO 4 as the iron hydroxide 
although the alumina is isoelectric at a higher pH. This is in agreement 
with the observation of analytical chemists that the S0 4 ion is very difficult 
to remove from the Al(OH) s precipitate. The OH ion displaces the acid 
anion more readily in the iron than in the aluminum compound. 

The effect of the free divalent sulfate ions is seen in the greatly extended 
flocculating zone on the positive side. In the case of the sulfates the floe 
begins to form after the addition of 5 cc. of the alkali solution, whereas the 
chlorides remain stable up to about 15 cc. of the alkali. This influence is also 
reflected in the migration velocities. The chloride systems become strongly 
positive and negative, whereas the sulfate systems attain a high charge only 
on the negative side. 

ISOELECTRIC IRON AND ALUMINUM “PHOSPHATES” 

Tables 33-36 show the isoelectric precipitation and the composition of the 
floe in a series of three “phosphates” of aluminum and one of iron. 

In the first place it is evident that the isoelectric “phosphates” are not pure 
phosphates. Every ion in the system enters to some extent in the com- 
bination. Besides the A1 (or Fe), the OH, and the PO4 ions, which together 
make up the colloidal complex, there is at the isoelectric point some Cl ions 
and some Na ions. The complex may be represented by the formula 

NaAl, (OH), (P0 4 ), Cl 
which by dissociation would yield 

Na+ + -[Al x (OH), (P0 4 )], + + Cl- 

which would be isoelectric, since the anionic and cationic dissociation balance 
each other. 

This complex is isoelectric at a lower pH than the “hydroxide.” The 
reason for this is that the Cl ions, which persist in the “hydroxide” at a pH 
above 7.0, are actively displaced by the phosphate ions while the solution is 
still acid. 

The fact that the isoelectric point is displaced far over on the acid side, 
the displacement being greater with greater PO4 concentration, shows that 
the anions HPO4" and PO/" are, like the OH ions, not appreciably dissociated 
by the complex. The dissociation of the phosphate ions is not great enough 
to overcome the effect of the cationic dissociation until we reach a lower pH 
value. Without the phosphate ions the quantity of Cl in the complex at 
these pH values would be higher and the complex would, as we have seen, 
be strongly positive. The phosphate ions, because of their high concentration 
in the solution, displace the Cl ions in the complex at very much lower pH 
values than do the OH ions. 

The solution tension of the OH ions, that is, the dissociation constant of 
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the hydroxide, is however, lower than that of the phosphate. In table 36, 
system no. 8 , the pH at the isoelectric point is 6.45, which is equal to a OH 
ion concentration of 0.282 X 1 (T 7 , whereas the molar phosphate concentration 
is 0.000085 -S- 2.5 = 340.0 X 10“ 7 , or over 1,000 times as great, yet the com- 
plex formed is over 50 per cent basic. “Normal,” or an approach to normal, 
phosphates of iron and aluminum can therefore only be precipitated in an 
acid solution with a large excess of phosphate. 

As in the case of the “hydroxides” the ferric “phosphate” is isoelectric 
at a lower pH than the aluminum “phosphate.” The ferric “phosphate” 
contains also a higher phosphate ratio (compare systems 5 and 6 ) although 
the phosphate-ion concentration at equilibrium was lower in the ferric system. 


/ * 



Fig. 6. The Relation of the Phosphate and Silicate Concentration and the pH to the 
Composition of the Isoelectiuc Precipitates of Aluminum and Ferric 
“Phosphates’’ and “Silicates” 

Scattered figures indicate pH 

Both the hydroxyl and the phosphate ions are therefore more firmly associated 
in the ferric than in the aluminum compound. The ferric complex requires, 
therefore, a lower pH to retain enough Cl ions for the anionic dissociation to 
balance the cationic dissociation, i.e., the isoelectric condition. It will be 
noted that the ferric complex does not become as strongly electropositive 
as the aluminum complex and that the former flocculates on the positive or 
acid side over a much wider range. The very low positive charge observed 
in the sulfate-hydroxide systems (1 and 2 ), and ascribed to the depressing 
effect of the divalent SO 4 anion, is not found in the phosphate systems. The 
reason for this is, that on the acid side of the isoelectric point of the latter 
the monovalent HaPOi" anion predominates. 
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The results of the experiments with the three aluminum chloride-phosphate 
mixtures show that each mixture has a different isoelectric point, the pH of 
which depends on the relative proportions of the two components. The 
higher the phosphate (the negative component) the lower is the pH at which 
the system is isoelectric and the greater is the ratio of phosphate to alumina 
in the precipitate. The higher the proportion of alumina (the positive com- 
ponent) in the mixture, the higher is the isoelectric pH and the lower is the 
ratio of phosphate to alumina in the precipitate, but the more complete is the 
removal of the phosphate from solution. In all this the phosphate is identical 
to the silicate systems previously discussed (9). 

The relationship between the P0 4 combined in the isoelectric precipitates 
and the P0 4 concentration in the solution at equilibrium is shown in figure 6, 
in which we recognize the familiar “adsorption” curve. 


EFFECT OF DILUTION 

In order to determine the effect of dilution on the composition of the pre- 
cipitates, the aluminum “phosphate” mixture no. 5 and the ferric “phosphate” 
mixture no. 6 were prepared in total volumes of 1 and 10 liters in addition to 
the isoelectric 2.5-liter systems shown in tables 33 and 34. No cataphoresis 
measurements were made but the precipitation was complete in all cases. 


Mixture No. 5 {concentrated) 
4.96 millimols AICls in 500 cc. 
10.156 millimols Na 2 HP04 in 500 cc. 
pH 4.85 

PO 4 in solution: 5.670 millimols 
PO 4 combined: 4.486 millimols 
Composition : A1 2 0 3 • (PaOa) 0 - 9*7 
Mixture No. 6 {concentrated) 

5.0 millimols FeCU in 500 cc. 

9.512 millimols Na 2 HPO< in 500 cc. 
pH 3.7 

PO4 in solution: 4.656 millimols 
P 0 4 combined: 4.856 millimols 
Composition : Fe 2 Oj • (P2O&) 0.971 


Mixture No. 5 {diluted) 

4.96 millimols AlClj in 5,000 cc. 
10.156 millimols Na 2 HPC>4 in 5,000 cc. 
pH 5.2 

PO4 in solution: 6.205 millimols 
PO4 combined: 3.951 millimols 
Composition : A1 2 0 3 • (P 2 Od 0 . 7*0 
Mixture No. 6 {dihted) 

5.0 millimols FeCU in 5,000 cc. 

9.512 millimols NaiHP0 4 in 5,000 cc. 
pH 4.2 

PO 4 in solution: 5.343 millimols 
PO 4 combined: 4.169 millimols 
Composition: (FejOi) • (PsCMo-sm 


An increase in concentration lowered the pH whereas a decrease in concen- 
tration had the opposite effect. In spite of this variation in the pH it will 
be seen that, if we reduce the millimols PO 4 in the solution to milliequivalents 
per liter and plot this value with the composition ratio as in figure 6, the 
points in the case of the aluminum compound will lie very nearly on the 
curve. The ferric “phosphate” composition ratios are higher in each case, 
as shown by the greater steepness of this curve. 


THE COMPOSITION OF POSITIVE AND NEGATIVE FERRIC “PHOSPHATE” 

The composition of the strongly negative and of the strongly positive 
precipitates was compared with the composition of the isoelectric precipitate 
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in systems containing the same proportions of the major reacting materials. 
Ferric “phosphate” was found to be admirably suited for this experiment 
because of the variations in color with the degree of saturation. The normal 
ferric phosphate is pale greenish gray but becomes yellowish and finally 
brownish as the compound becomes more basic. 

By adding NaOH or HC1 to the isoelectric mixture no. 6 (table 34) the 
system was made strongly negative or positive. The colloid, however, became 
more or less stable, and as a result the flocculation had to be forced by adding 
500 millimols NH 4 CI. The mixtures were as follows: 

Electropositive mixture No. 6a 

5.0 millimols FeCls + 2.5 millimols HC1 in 1,000 cc. 

9.512 millimols Na 2 HPC >4 + 500 millimols NH 4 CI in 1,500 cc. 
pH 3.2 

PO 4 in solution: 4.589 
PO 4 combined: 4.923 
Composition: Fe 2 (V (P 2 0*)o mb 
C olor: pale greenish gray 
NH 4 adsorbed: 0.48 milliequivalents 

Isoelectric mixture No. 6 

As given in table 34 
Composition: Fe 2 0 3 - (P 2 Ob)o 914 
Color: pale yellowish, greenish gray 

Electronegative mixture No. 6b 

5.0 millimols FeCla in 1,000 cc. 

9.512 millimols Na 2 HP 04 + 5.0 millimols NaOH + 500 millimols NH4CI in 1,500 cc. 
pH 6.5 

PO 4 in solution: 4.813 millimols 
P0 4 combined: 4.699 millimols 
Composition : Fe 2 0 3 • (P 2 0*) 0 . mo 
C olor: yellowish 

NH 4 adsorbed: 2.01 milliequivalents 

Electronegative mixture No. 6bb 

5.0 millimols FeCls in 1,000 cc. 

9.512 millimols Na 2 HP0 4 + 10.0 millimols NaOH + 500 millimols NKUC1 in 1,500 cc. 
pH 7.1 

P0 4 in solution: 4.894 millimols 
PO 4 combined: 4.618 millimols 
Composition : FejOj * (Pa0 6 ) 0 . 934 
Color: brownish 

NH4 adsorbed: 2.00 milliequivalents 

The ratio of P 2 0 6 to Fe 2 0 3 has increased from 0.914 in the isoelectric com- 
plex to 0.985 in the positive complex. This would be expected because the 
positive complex was formed in a more acid solution in which OH-ion concen- 
tration was very low. The OH ions offered, therefore, very little competition, 
resulting in a less basic complex. This was also indicated by the color, which 
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was a trace lighter in the positive floe. In the case of the negative complex 
we meet with an anomali. We would anticipate this complex to be more 
basic in composition, as is indeed indicated by the color, which shifts to yellow 
and then to brown as the OH-ion concentration is increased. But the analysis 
reveals an increase in the composition ratio to 0.940 at a pH of 6.5 and a 
smaller increase to 0.924 at a pH of 7.1. 

The color changes show that in the negative complexes the iron must be 
in actual combination with less PO 4 than in the isoelectric complex, yet the 
analysis shows a higher proportion in the negative complexes. We are here 
dealing with a colloidal complex formation which, under the conditions of the 
experiment, is comparatively simple. In the soil, where there is a multitude 
of different ions, the complex would be complicated indeed. But even here, 
if we are to explain what is taking place it will be necessary to free ourselves 
of the dogma of stoichiometry and definite proportions. 

If the ferric phosphate hydrolyzes, that is, if the OH ions displace the P0 4 
ions as the pH is increased, then the actual number of linkages between Fe 
and P0 4 is reduced but that does not necessarily mean that the complex will 
be poorer in P0 4 ions. In order to provide us with something tangible as a 
basis for our line of reasoning let the following greatly abbreviated formula 
represent the isoelectric complex: 

Na 

\ 

Fe ^P0 4 

\ 

OH— Fe-P0 4 


OH — Fc~— PO4 

/ 

OH — Fc — P0 4 

/ 

Fe 

\ 

Cl 

This complex would have the composition 

FejOaCPiOsVao 

If we now represent the electronegative complex by the following formula: 

OH — Fe— P0 4 — NH 4 


OH — Fe— P0 4 — Na 


OH — F e— P0 4 — H 


OH — F e— P0 4 — NH4 


OH — Fe~ P0 4 — H 
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we get a combination with the following apparent composition 

FesOs(PsOi)i.o 

as if it were a normal phosphate, although this complex is in reality more 
basic, as far as the ferric component is concerned, than the previous one, 
in which the PO 4 content is lower. 

If the OH ions have displaced some of the PO4 valences then the latter 
must be satisfied by linking themselves with a corresponding number of 
cations in the solution. This was tested by a determination of the quantity 
of NH4 ions which were removed from solution. It was found that whereas 
the electropositive precipitate adsorbed only 0.48 milliequivalents the two 
electronegative precipitates adsorbed 2.01 and 2.00 milliequivalents NH4. 

This structure of the complex will explain the mechanism of ion adsorption 
and exchange which these phosphates possess in common with the silicates 
and other substances. Since this subject will be discussed further in a paper 
on ion adsorption and exchange we will now turn our attention to another 
series of isoelectric precipitates. 

ISOELECTRIC “SILICATES” 

Tables 37-39 show the isoelectric precipitation and the composition of the 
floe of aluminum and iron “silicates.” 

The silicate ion, like the phosphate, displaces the isoelectric point to the 
acid side, the displacement increasing in direct proportion to the silicate 
concentration in the solution and the proportion of silica which has entered 
into combination with the complex. The silicate ions must therefore displace 
the easily dissociating Cl ions. This suppresses the anionic dissociation 
and at the same time increases the cationic dissociation because the silicated, 
like the phosphated, complex adsorbs cations from the solution. For the 
two forms of dissociation to be equalized (the isoelectric condition) the pH 
must necessarily be lowered. 'The higher the silicate content of the complex 
the lower the pH at which a sufficient number of Cl ions are retained for the 
isoelectric condition. 

The quantity of Cl ions carried down in the floe was determined in a number 
of the “silicate” systems. The quantities varied between 0.030 and 0.007 
milliequi valent Cl per millimol A1 2 0 3 or Fe 2 0 3 . The rather wide variation 
is probably chiefly due to errors. The results show, nevertheless, that a small 
quantity of Cl (or any other dissociating and readily diffusible anion) is 
essential for the isoelectric as well as for the electropositive condition. 

Since, at a given concentration and pH, less of the Si0 3 than of the PO4 
combines with the complex it is evident that the Si0 3 competes less strongly 
with the OH ions. This is to be ascribed to the low dissociation constant of 
silicic acid and possibly also to a lower solubility of the phosphate than of the 
silicate. The relationship is brought out more clearly in figure 6. It will be 
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TABLE 37A 


The AlCh + NatSiOt + H Cl- System No . 9 

A. 5.0 millimols AlCla + 22.5 millimols HCl in 1,000 cc. 

B. 15.0 millimols NajSiO* in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

fl/BEC. 

1 VOLT/CM. 

pH 

After mixing 

Overnight 

CC. 

CC. 





20 

21.0 

Opal 

xxxx 

+1.12 

4.35 

20 

21.2 

Slow 

xxxx 

+1.08 

4.35 

20 

21.5 

Instant 

xxxx 

+0.82 

4.4 

20 

22.0 

Instant 

xxxx 

+0.40 

4.5 

20 

22.5 

Instant 

xxxx 

-0.76 

5.0 

20 

23.0 

Instant 

xxxx 

-1.44 

5.65 

20 

24.0 

Instant 

XX 


6.1 

20 

25.0 

Opal 

0 




Isoelectric mixture:-—-* « 6.66. 

AI2O3 

5.0 millimols AICI3 + 22.5 millimols HCl in 1,000 cc. 
16.65 millimols Na 2 SiOs in 1,500 cc. 
pll 4.7. 

Si0 2 in solution: 10.207 millimols. 

AI 2 O 3 in solution: 0.039 millimols. 

Composition of floe: AI 2 O 3 (SiQ 2 ) 2 . 2 «. 


TABLE 37 B 

The FeCh 4* Na?SiOz *f IICl — System No. 10 

A. 5.0 millimols FeClj + 22.5 millimols HCl in 1,000 cc. 

B. 15.0 millimols Na 2 SiOa in 1,000 cc. 


SOLUTION A 

SOLUTION B 

1 

FLOCCULATION • 

n 'SF,C 

1 VOLT CM. 

pH 

After mixing 

Overnight 

CC. 

CC. 

i 

i 



20 

21.5 

Opal 

0 


. . . 

20 

22.5 

Opal 

XXX 

+0.84 : 

4.2 

20 

23.0 

Instant 

xxxx 

-0.80 

5.3 

20 

23.5 

Instant 

xxxx 

-1.68 | 

6.1 

20 

24.0 

Rapid 

XXX 

-1.78 

6.4 

20 

24.5 

Opal 

X 




Tortfilo/'+r!/* »v>! vf 11 rn * — •— f\ ft 7 

FcjOs 

5.0 millimols FeClj + 22.5 millimols HCl in 1,000 cc. 
17.06 millimols Na*SiOs in 1,500 cc. 
pH 4.95. 

SiOj in solution: 11.481 millimols. 

Fe*Os in solution: 0.025 millimols. 

Composition of floe: FeiOs (SiOi)i.ie. 
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TABLE 38A 


The AlCh + NoiSiOt— System No. 11 

A. 5.0 millimols A1C1* in 1,000 cc. 

B. 7.5 millimols NajSiOi in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

m/sec. 

1 VOLT/CM 

pH 

After mixing 

Overnight 

CC. 

CC. 



II 



17.4 

Opal 

0 

1 

. . . 

20 

17.6 

Slow 

xxxx 

Mum 

5.7 

20 

17.8 

Instant 

xxxx 

ilia 

6.1 

20 


Instant 

xxxx 


6.4 

20 

18.5 

Slow 

XX 

mm 

... 


Isoelectric mixture: = 2.68. 

A1 2 0s 

5.0 millimols A1C1* in 1,000 cc. 
6.713 millimols N^SiOj in 1,500 cc. 
pH 6.25. 

SiOj in solution: 2.641 millimols. 
A1 2 Oi in solution: 0.005 millimols 
Composition of floe: AI2O3 (SiOjJi.M. 


TABLE 38B 


The FeCli + NotSi0 3 — System No. 12 

A. 5.0 millimols FeCl s in 1,000 cc. 

B. 7.5 millimols NaiSiOi in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

m/sec. 

1 VOLT/CM. 

pH 

After mixing 

Overnight 

CC. 

CC. 





20 

17.4 

,Opal 

0 



20 

17.6 

Slow 

XXX 

+0.65 

5.65 

20 

17.8 

Instant 

xxxx 

-0.34 

6.1 

20 

18.0 

Instant 

xxxx 

-1.38 

6.3 

20 

18.5 

Rapid 

XXX 

-1.59 

6.6 


Si0 2 

Isoelectric mixture: = 2.66. 

Fe 2 Oa 

5.0 millimols FeCU in 1,000 cc. 
6.65 millimols Na*SiOi in 1,500 cc. 
pH 5.95. 

Si02 in solution: 3.452 millimols 
FetOi in solution: 0.0125 millimols. 
Composition of floe: Fe*Oi(SiOj)ijt. 
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TABLE 39A 


The AlCh + NthSiOt + NaOH— System No. 13 

A. 5.0 millimols Aids in 1,000 cc. 

B. 7.5 millimols Na 2 Si0 8 + 15 millimols NaOH in 1,000 cc. 


SOLUTION A 

SOLUTION B 

[ FLOCCULATION 

M/SEC. 

1 VOLT/CM. 

pH 

After mixing 

Overnight 

CC 

CC. 





20 

9.1 

Opal 

0 


.... 

20 

9.2 

Slow 

X 



20 

9.3 

Instant 

xxxx 

+1.38 

6.35 

20 

9.4 

Instant 

xxxx 

+0.87 

6.55 

20 

9.5 

Instant 

xxxx 

— slight 

6.7 

20 

10.0 

Opal 

0 


.... 


Isoelectric mixture: .7”; = 1.4+ 

AI2O3 

5.0 millimols AlClj in 1,000 cc. 

3.562 millimols Na^SiOs + 7.124 millimols NaOH in 1,500 cc. 
pH 6.6. 

Si (>2 in solution: 0.828 millimols. 

AlsOa in solution: trace. 

Composition of floe: AljOsCSiOsVo®. 


TABLE 39 B 


The FeClz + NaiSiOi + NaOH— System No. 14 

A. 5.0 millimols FeCl* in 1,000 cc. 

B. 7.5 millimols Na 2 Si0 3 + 15 millimols NaOH in 1,000 cc. 


SOLUTION A 

SOLUTION B 

FLOCCULATION 

n SF-C 

pH 

After mixing 

Overnight 

1 VOLT/ CM. 

CC. 

20 

CC. 

9.3 

Opal 

0 



20 

9.4 

Instant 

xxxx 

+ 1.26 

5.7 

20 

9.5 

Instant 

xxxx 

+0.94 

6.0 

20 

9.6 

Instant 

xxxx 

-0.36 

6.45 

20 

9.8 

Instant 

xxxx 

-1.59 

6.65 

20 

10.0 

Opal 

0 

! 



SiO, 

Isoelectric mixture: = 1.44. 

FcjOj 

5.0 millimols FeCU in 1,000 cc. 

3.588 millimols Na 2 Si 03 + 7.176 millimols NaOH in 1,500 cc. 
pH 6.35. 

SiOj in solution: 1.631 millimols. 

FeaOjin solution: trace. 

Composition of floe: Fea08(Si02)o.7«. 
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seen that the position of the two pairs of curves is reversed. The ferric phos- 
phate curve is steeper than that of aluminum and the aluminum silicate curve 
is steeper than that of the iron. Since Fe(OH) 3 is more insoluble than Al(OH) 3 , 
as shown by the fact that ferric salts are more easily hydrolyzed, it follows 
from the position of the curves that ferric phosphate is more insoluble than 
aluminum phosphate. It does not necessarily follow, however, that aluminum 
silicate is more insoluble than ferric silicate, because the firmer union between 
Fe and OH would alone result in a lower silicate content. Ferric silicate is 
therefore more readily hydrolyzed than is aluminum silicate. This is quite 
evident in the natural soil colloids (16) and explains the formation of ferru- 
ginous clays. 

As in the case of the “hydroxide” and “phosphate,” the “silicate” of iron 
is isoelectric at a lower pH than the corresponding aluminum compound. 
In the case of the more highly silicated complexes which are isoelectric at 
low pH values (between 4.0 and 5.0) this relationship reversed itself, the 
aluminum complex being isoelectric at the lowest pH. 

The preceding isoelectric “silicate” complexes may be represented by the 
following general formula 

Na + -[Al, (OH) v (SiO a )d + Cl". 

This does not mean that the Na ions must equal the Cl ions. It is only the 
dissociated diffusible cations and anions which must be equal at the isoelectric 
point. The degree of dissociation may be very different. Also, the preceding 
formula takes no account of the H ions which are also present in the system 
and which must, to a large extent, displace the Na ions. 

The aforementioned complex may be termed the “chloridated complex” as 
distinguished from another very illuminating example — the sulfated, silicate 
complex. 

THE SULFATED, SILICATE COMPLEX 

In tables 40a and 40b the same concentrations as in tables 38a and 38b were 
used but instead of the chlorides of iron and aluminum, the sulfates were 
employed. 

A comparison of the composition of the “sulfated silicates” with the corre- 
sponding “chloridated silicates” in tables 38a and 38b shows that the sulfated 
complex is isoelectric with a lower silica content, with a considerably higher 
proportion of SO4 than the proportion of Cl in the chloridated complex, and 
at a lower pH value. This is all in harmony with the preceding observations 
that the SO4 ion is more firmly associated in the complex. Since the SO4 
ions are less dissociated than the Cl ion, a greater proportion must be present 
in order that the anionic dissociation shall balance the cationic dissociation 
at the isoelectric point. As in the case of the “hydroxide,” the isoelectric 
pH is lower in the sulfated complex. 

By displacing a highly dissociating anion like the Cl ion by a less dissociat- 



TABLE 40 A 

The Ak(S0 4 )» + NaiSiOt— System No. 15 

A. 2.5 millimols AWSO^s in 1,000 cc. 

B. 7.5 millimols Na 2 SiOs in 1,000 cc. 




FLOCCULATION | 

M/SEC. 

_TT 



After mixing 

Overnight 

1 VOLT/CM. 

pn 

cc. 

20 

cc. 

8 

Slow 

xxxx 

4-1.01 

4.1 

20 

10 

Rapid 

xxxx 


4.2 

20 

12 

Instant 

xxxx 

+0.68 

4.3 

20 

14 

Instant 

xxxx 

+0.67 

4.45 

20 

16 

1 Instant 

xxxx 

+0.50 

5.1 

20 

17 

Instant 

xxxx 

+0.42 

5.75 

20 

18 

Instant 

xxxx 

— 0.95 

6.4 

20 

19 

Opal 

i * 

1 



Si0 2 

Isoelectric mixture: rrrr “ 2.60. 

ai 2 o 3 

2.5 millimols AUCSO^a in 1,000 cc. 

6.488 millimols Na 2 SiO s in 1 ,500 cc. 
pH 6.1. 

Si0 2 in solution: 3.866 millimols. 

SO* in solution: 7.15 3 millimols. 

A1 2 O s in solution: None. 

SO* added: 7.500 millimols. 

Composition of Hoc : A 1 2 0,i ( S i ( A- ) i • o* ( SO 3 ) n or AlafOHA r.atSiOaA.ofiCSOijo.uft- 
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mg anion, the isoelectric pH is always displaced in the direction of greater 
acidity. [Conversely if we displace highly dissociating cations by slightly 
dissociating cations we will displace the isoelectric pH in the opposite direc- 
tion. Thus, if we add aluminum or ferric chloride to an isoelectric silicate 
or phosphate, the system will be electropositive at the same pH, the iso- 
electric pH being now higher. This fact is of great importance in relation to 
ion adsorption and exchange. Soil colloids high in aluminum and iron pos- 
sess a low cation exchange capacity, the A1 and Fe not themselves being ex- 
changeable, and these colloids are isoelectric within the usual range of soil 
reactions (8)]. 

It is evident that the Si0 3 ion does not displace the more firmly associated 
SO 4 as readily as it displaces the Cl ion. Although the silicate concentration 
in the solution at equilibrium is higher and the pH is lower in the sulfate than 
in the corresponding chloride systems, the number of mols of SiC >2 per mol 
sesquioxide has decreased from 1.63 in the chloridated to 1.05 in the sulfated 
aluminum silicate and from 1.29 to 0.715 in the corresponding ferric com- 
pounds. But the decrease in the silicate content is only partly accounted 
for by the SO4 content. The sulfated silicate complexes are more basic than 
the corresponding chloridated complexes, indicating a firmer hydroxide union 
in the former. 

At the lower pH values at which the “silicates” are isoelectric, more S0 4 
remains in the complex than was found in the isoelectric “hydroxides.” This 
would indicate that the silicate complex contains a higher proportion of 
dissociating (exchangeable) cations than the hydroxide complex. (This we 
know to be the case.) A larger proportion of SO 4 ions is therefore necessary 
in order that the anionic dissociation shall balance the cationic dissociation. 

In the absence of silicate, how much SO4 would be found in the complexes 
at the same pH values? To answer this question the same number of milli- 
mols of A1 2 (S0 4 ) 3 and Fe 2 (S0 4 ) 3 were alkalized with NaOH to the same pH 
values, i.e., 6.1 and 5.4 respectively, and the supernatant liquids analyzed 
for SO4. This procedure is made possible by the fact that in the presence 
of the divalent SO4 anion the positive sol is flocculated completely over a wide 
range as is shown in the tables. The results were as follows: 


2.5 millimols A1 2 (S0 4 ) 3 in 2,500 cc. 
pH 6.1 adjusted with NaOH 
S0 4 in system: 7.500 millimols 
SO 4 in solution : 6.380 millimols 
Composition of floe: A1 z Os(S03)o-448 or 

Al 2 (OH)6.i04(SO4) 0-448 


2.562 millimols Fe 2 (S0 4 )i in 2,500 cc. 
pH 5.4 adjusted by NaOH 
S0 4 in system: 7.687 millimols 
S0 4 in solution: 6.977 millimols 
Composition of floe: Ft^O^SOj) 0.377 or 

1 ' €^(011)4.440(804)0-377 


In the absence of the silicate and at the same pH, the complexes have a 
higher SO 4 content and are electropositive. In the isoelectric complexes, 
portions of both of the OH and S0 4 ions have been displaced by the Si0 3 ions. 
All the ions in the system mutually displace one another in the colloidal 
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complex and thus affect the composition and behavior of the complex. The 
displacing power or association constant of the ions in the systems , thus far 
considered seems to be 


OH > P0 4 > Si0 3 > S0 4 > Cl 

But the association constant apparently varies with the composition of the 
colloidal ion complex, which is quite natural. Since the composition of the 
complex varies with the nature and concentration of each ion in the solution, 
no fixed magnitude can be assigned to the displacing power of any ion. This 
will explain the many discrepancies in the various ion series suggested by 
different investigators. 

The law governing ion exchange may be stated thus: All ions in the solu- 
tion displace one another in the complex in proportion to the product of their 
concentration (activity) and the association constant. 

EFFECT OR DILUTION uN l HE PH AND COMPOSITION OF ISOELECTRIC “SILICATES” 

To study the effect of dilution a mixture ratio of = 10.0 was main- 

K2O3 

tained in each case. The systems were rendered isoelectric by adjusting 
the pll by small increments of HC1 which was added to the aluminum or 
ferric chloride before these solutions were mixed with the silicate. Tables 
41a and 41b represent the dilute and tables 42a and 42b represent the concen- 
trated systems, the silica/sesquioxidc ratio being 10 in each case. 

The results are similar to those of the dilution experiments with the phos- 
phate and tit the curves in figure 6 fairly well. The lower the dilution the 
greater is the number of silicate ions entering into combination with the 
complex. In the concentrated systems the isoelectric pH is markedly dis- 
placed ti» the more acid side. The highly dissociating Cl ions arc here so 
much more energetically displaced by the higher SiO r ion concentration that 
a lower pH is necessary to leave a sufficient residue of Cl ion in the complex 
to balance the cationic dissociation and render the colloid isoelectric. There 
are, therefore, two factors which, in the more concentrated isoelectric system, 
lead to a more highly silicated floe. In the first place the silicate-ion concen- 
tration is higher, and in the second place the OH-ion concentration is lower; 
consequently these ions compete less for a place in the complex. 

As already has been noted, the isoelectric pH is lower in the aluminum than 
in the ferric silicate system at low pH values. At higher pH values the order 
is reversed. 

It is significant that even though the equilibrium silicate concentration 
attains considerable proportions in the concentrated system, the ratio of silica 
to sesquioxide in the floe apprOeTches, but does not exceed, a value of 3.0, 
which would be that of the normal silicate. This indicates that the reaction 
is between single ions, for if it were a combination between colloidal aggre- 
gates of sesquioxide and silica as in the mutual flocculation of positive and 
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TABLE 41A 


The dilute AlCh + Na^SiOs — System No. 25 


A. 2.0 millimols AlClj in 1,000 cc. 

B. 10.0 millimols NajSiOj in 1,000 cc. 


SOLUTION A 

20 cc. 4- HC1 

MILLIMOLS 

SOLUTION B 

FLOCCULATION 

m/sf.c. 

pH 

After mixing 

Overnight 

1 VOLT /CM 

0.3000 

CC . 

20 

Opal 

0 



0.3050 

20 

Instant 

xxxx 

-1.44 


0.3075 

20 

Rapid 

xxxx 

- 0. 55 

5.6 

0.3100 

20 

Slow 

xxxx 

+0.61 

5.0 

0.3200 

20 

Opal 

0 




Isoelectric mixture: 


SiO, 

A1 2 0 3 


10.0. 


2.0 millimols A1CI S + 15.43 millimols HC1 in 1,000 cc. 

10.0 millimols Na 2 Si0 8 in 1,500 cc. 
pH 5.6. 

SiOiin solution: 7.872 millimols. 

Al*O s in solution: 0.016 millimols. 

Composition of floe: AluO^SiOaVu. 


TABLE 41 B 

The dilute FcCh + NthSiOz — System No. 26 

A. 2.0 millimols FeClj in 1,000 cc. 

B. 10.0 millimols Na-jSiOj in 1,000 cc. 


SOLUTION A 

20 cc 4* HCl 

MILLIMOLS 

SOLb 1 ION B 

j FLOCCULATION j 

#|/S F.C 

! 

! 

i 

! After mixing | 

. | 

Overnight 

1 VOLT 'CM 

1 

0.2950 

C£ ‘ ! 
20 i 

1 ! 

J 

Clear j 

1 

0 



0.3000 ! 

20 ! 

Rapid | 

XXX ; 

-1.89 


0.3050 | 

20 ! 

Instant 

XXXX j 

-1.05 


0.3075 j 

20 

Rapid ; 

xxxx ; 

-o.65 ; 

5.6 

0.3100 ! 

20 

Opal j 

xxxx ; 

+0. 50 

4.4 

0.3200 j 

20 | 

Opal ; 

0 j 



SiOs 

Isoelectric mixture: “ _ 
FejO, 

= 10.0. 





2.C millimols FeClj 4- 15.44 millimols HC1 in 1,000 cc. 

10.0 millimols N^SiO?. in 1,500 cc. 
pH 5.4. 

SiOj in solution: 8.170 millimols. 

FejOa in solution: 0.010 millimols. 

Composition of floe ■ FeaOjCSiOsVw. 
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TABLE 42 A 


The coventrated AlCh + Na^SiOz — System No. 27 

A. 7.5 millimols A1CU in 1,000 cc. 

B. 37.5 millimols Na 2 Si0 3 in 1,000 cc. 


SOLUTION A 

20 cc. + HC1 

MILLIMOLS 

SOLUTION B 

| FLOCCULATION 

m/sec 

pH 

After mixing 

Overnight 

1 VOLT/CM. 

1.14 

CC. 

20 

Slow 

X 



1.15 

20 

Instant 

XXX 

-1.51 

4.6 

1.16 

20 

Instant 

xxxx 

— 1.04 

.... 

1.17 

20 

Instant 

xxxx 

-0.74 


1.18 

20 

Instant 

xxxx 

-0.25 

4.3 

1.19 

20 

Instant 

xxxx 

dbO.O 

4.25 

1.20 

20 

Instant 

xxxx 

+0.43 

4.2 

1.22 

20 

Instant 

xxxx 

+1.09 


1.26 

20 

Slow 

i ! 

| XX | 

+1.12 

4.1 


Si( ) 2 

Isoelectric mixture: = 10.0. 

A1 2 0s 

7.5 millimols AlCls + 59.5 millimols IIC1 in 1,000 cc. 

37.5 millimols Xa 2 Si0 3 in 1,500 cc. 
pH 4.2. 

Si() 2 in solution: 26.840 millimols. 

AliO, in solution: 0.076 millimols. 

Composition of floe: AWMSiC^.w. 


TABLE 42B 


The concentrated FeCh + Na^SiOz — System No. 2S 

A. 7.5 millimols FeClj in 1,000 cc. 

B. 37,5 millimols Xa 2 Si0 3 in 1,000 cc. 


SOLUTION A 

20 cc 4 HCI 

MILLIMOLS 

SOLUTION B 

j FLOCCULATION 

M 'SEC. 

pH 

After mixing 

Overnight 

1 VOLT/ CM. 

1.13 

20 

Opal 

0 



1.14 

20 

Instant 

XXX 

-1.70 

. . . 

1.15 

20 

Instant 

xxxx 

-1.36 

5.0 

1.16 

20 

Instant 

xxxx 

dbO. 0 

4.2 

1.17 

20 

Rapid 

XX 

+0.61 


1.18 

20 

Opal 

0 




Si0 2 

Isoelectric mixture: ““ — 10.0. 

FcjO* 

7.5 millimols FeCU + 58.0 millimols HC1 in 1,000 cc. 

37.5 millimols Na 2 SiOj in 1,500 cc. 
pH 4.35. 

SiO* in solution: 26.593 millimols. 

FejOi in solution: 0,042 millimols. 

Composition of floe: FejOj (SiO^.w. 
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negative sols, where only the surface layer of molecules are able to react, we 
could hardly expect such regularity in the composition ratio. 

In the higher concentrations the silica shows by itself a tendency to floccu- 
late when sodium silicate is slightly acidified. There is, therefore, the possi- 
bility in systems of low dilution of flocculating free silica together with the 
isoelectric complex. This might have happened in the concentrated ferric 
system in which the composition ratio of the floe was extraordinarily high. 
Such complications, which are of course not met with in the phosphate sys- 
tems, are always present in the “humate” systems as we shall see later, for 
“humuc acid” is still more colloidal than silica. 

It will be noted that Fe and, to a higher degree, A1 appear in the solution 
in increasing quantities with a lowering of the pH, but it is doubtful whether 
they dissociate as free metal cations. The author has established the fact 
that when orthoclase is electrodialyzed, aluminum appears together with silica 
in the cathode chamber after the pH of the feldspar has been reduced to a 
certain value by the removal of potassium. It was then suggested that the 
aluminum and silica exist in acid solution in the form of a complex cation as 
exemplified by the following formula (9) 

+ O 

/ \ 

A1 Si=0. 

\ / 

0 

The structure of this ion is identical with the structure assumed for the 
electropositive colloidal silicate complex and is arrived at by the further 
assumption that the latter is capable of splitting off single such ions or ion 
aggregates small enough to pass through the membrane. In other words, the 
positive silicate complex is slightly soluble and the aluminum and iron found 
in the acid soil solution are not entirely due to a breaking up of the complex. 
It would be interesting to determine whether the negative complex similarly 
yields a diffusible aluminum silicate anion when saturated with the strongly 
dissociating Na ions. 

Odgn (14) and later Wiegner and Palmann (19) observed silica migrating 
to the cathode when a soil is electrodialyzed. This fact was originally over- 
looked by the author but was predicted in connection with the feldspar experi- 
ment and has since been verified. That the aforementioned isoelectric pre- 
cipitates yield a cathodic complex containing silica and sesquioxides will be 
shown later. 

INFLUENCE OF STATE OF DISPERSION OF REACTING MATERIALS ON COMPOSITION 

OF PRECIPITATES 

In the following experiments a mixture ratio of 14 mols silica to 1 mol 
sesquioxide was maintained throughout. The HC1 was added, as before, 
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TABLE 43A 


The ( AlCh + HCl) + N<hSiOz— System No . 29 

A. 2.5 millimols A1CU in 1,000 cc. 

B. 17.5 millimols Na*SiOj in 1,000 cc. 


SOLUTION A 

20 CC. + HCl 
IflLLIUOLS 

SOLUTION B 

FLOCCULATION 

m/sec. 

pH 

After mixing 

Overnight 

1 VOLT/Clf. 

0.580 

CC. 

20 

Clear 

0 



0.590 

20 

Opal 

0 



0.595 

20 

Rapid 

XX 

-1.97 

5.5 

0.600 

20 

Instant 

xxxx 

-1.31 

5.0 

0. 605 

20 

Rapid 

xxxx 

4-0.20 

4.6 

0.610 

20 

Slow 

xxxx 

4-0.67 

4.4 

0. 620 

20 

Opal 

XX 

4-0.82 

4.25 


Isoelectric mixture: 


Si0 2 


= 14.0. 


A1 2 0 3 

2.5 millimols AlCU + 30.2 millimols HCl in 1,000 cc. 

17.5 millimols \a 2 Si0 3 in 1,500 cc. 
pH 4.7. 

Si0 2 in solution: 14.138 millimols. 

AJ 2 O 3 in solution: 0.052 millimols. 

Composition of Hoc: Al/MSiO^.so. 


TABLE 43B 


The {FeCU 4- IJCl) + Xa 2 Si0 3 — System No. 30 

A. 2.5 millimols FeCU in 1,000 cc. 

B. 17.5 millimols Xa 2 Si0 3 in 1,000 cc. 


SOLUTION A 

20 t:c + HCl 

MILLIMOLS 

i 

SOLUTION B 

FLOCCULATION j 

M SEC. 

pH 

After mixing 

Overnight 

1 VOLT, CM. 

0 590 

CC. 

20 

Opal 

XX 

-1.78 


0. 595 

20 

Instant 

XXX 

-1.44 j 

5.8 

0. 600 

20 

Opal 

xxxx 

-0.95 

5.0 

0. 6025 

20 

Opal 

xxxx 

4-0.28 

4.4 

0.605 

20 

Opal 

0 ! 


. . . 

0.608 

20 

Clear 

0 




Isoelectric mixture: 


Si0 2 


= 14.0. 


FejOj 

2.5 millimols FeCU + 30.09 millimols HCl in 1,000 cc. 

17.5 millimols Na 2 Si0 3 in 1,500 cc. 
pH 4.7. 

SiO* in solution : 14,619 millimols. 

FejOj in solution: 0.032 millimols. 

Composition of floe: FejOjfSiOjlj.w. 
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TABLE 44A 


The AlCh + (NatSiOi + HCl)— System No . 31 

A. 2.5 millimols A1CI* in 1,000 cc. 

B. 17.5 millimols NajSiOs in 1,000 cc. 


SOLUTION A 

SOLUTION B 

20 cc. + HCl 

MZUIMOLS 

FLOCCULATION 

m/sec. 

pH 

After mixing 

Overnight 

1 VOLT/CM. 

CC. 

20 

n 

Clear 

0 


4.3 

mwm • ' 

■Eh 

Opal 

xxxx 


4.25 

•■fcg 

wBm 

Slow 

xxxx 


4.15 

20 

0.630 

Opal 

xxxx 

-0.80 

4.10 

20 

0.640 

Clear 

xxxx 


4.05 

20 

0.650 

Clear 

xxxx 

-0.76 

3.9 


Electronegative mixture: 


Sift 

AI2O3 


14.0. 


2.5 millimols AlCls in 1,000 cc. 

17.5 millimols Na*Si0 3 + 31.0 millimols HCl in 1,500 cc. 
pH 4.15. 

SiOj in solution: 5.637 millimols. 

AI3O3 in solution: 0.105 millimols. 

Composition of floe: A^CMSiC^io.w. 


TABLE 44B 

The FeCh + (N(hSi<h + HCl)— System No. 32 


A. 2.5 millimols FcClj in 1,000 cc. 

B. 17.5 millimols NajSiOs in 1,000 cc. 


SOLUTION A 

SOLUTION B 

20 CC. + HCl 
MILLIMOLS 

FLOCCULATION 

n/szc 

pH 

After mixing 

Overnight 

1 VOLT/ CM. 

cc. 

20 

0.595 

Clear 

0 



20 

0.5975 

Clear 

0 


. . . 

20 

0.600 

Opal 

0 


. . . 

20 

0.6025 

Clear 

xxxx 

-0.25 

4.2 

20 

0.605 

Clear 

0 


. . , 

20 

0.615 

Clear 

0 


• • 


Si0 2 

Electronegative mixture: 


14.0. 


2.5 millimols FeiCU in 1,000 cc. 

17.5 millimols Na*SiOi + 30.125 millimols HCl in 1,500 cc. 
pH 4.2. 

SiOj in solution: 7.235 millimols. 

Fe*Oj in solution: 0.054 millimols. 

Composition of floe: FetCMSiOaVs*. 
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in small increments, sufficient to cover the whole range of precipitation. 
The acid was added to the A1CU and FeCl s solutions in one set, and to the 
silicate solution, before mixing, in the second set. This resulted in partly 
changing the silica to the colloidal condition before it reacted with the A1 and 
Fe. The results are shown in tables 43a and 43b and in 44a and 44b. 

In the two experiments where the HC1 was added to the chloride solutions 
before mixing, the composition of the floe is in line with all previous experi- 
ments. The points representing the composition ratio and the silicate con- 
centration at equilibrium come in close proximity of the silicate curves in 
figure 6. It would seem, therefore, that no matter how high the ratio of silica 
to sesquioxide is in the mixture, an isoelectric floe will form, in w r hich the 
composition ratio is smaller than 3.0, provided the system is kept sufficiently 
dilute. In the author’s previous experiments (9) the composition ratio 
already exceeded this value at a mixture ratio of 8.0 but the system, it will be 
noted, was then more concentrated. There is evidently a critical point at 
which free silica flocculates together with the complex. The floe has then no 
isoelectric point but remains negative and in systems of still higher concen- 
tration the flocculation becomes incomplete. 

The conditions are then similar to those in the last two experiments where 
the HC1 was added to the silicate before this solution was mixed with the 
chlorides. The acid changes the silica partly to the colloidal condition. 
Where, under the conditions of true solution, single ions combined, there is 
now a combination of A1 and Fe ions with aggregates of silicate molecules 
and ions. The ratio of silica to sesquioxides in the resulting complex must 
therefore be abnormally high. Since the “free” silica in the complex com- 
bines with the various diffusible cations in the solution (in this case Na and H) 
the cationic dissociation will be increased. The complex will therefore be 
more electronegative and may have no isoelectric point, for although it con- 
tains a certain number of diffusible anions (in this case Cl ions) at low pH 
values, the anionic dissociation may never balance that of the cations. 

It will be noted in the tables 44a and 44b that a reduction in the dispersion 
of the silicate resulted in a floe in which the ratio of silica to sesquioxide is 
enormously increased and also that the complex remains negative over the 
entire range of flocculation. The ferric complex shows a very narrow zone 
of flocculation. This is important, for it shows that silica exerts a protective 
action on the iron, as definitely shown by the work of Reifenberg (15). In 
general, ferric “silicates” show a more narrow zone of flocculation than the 
aluminum “silicates.” 

INFLUENCE OF DIVALENT CATIONS ON THE ALUMINUM AND FERRIC “SILICATE” 

SYSTEMS 

As long as the monovalent ions, such as the Cl and NO s anions and the 
alkali cations, are the only diffusible ions present in the system, flocculation 
is confined to a narrow zone on either side of the isoelectric point. We have 
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already studied the effect of the presence of a divalent anion, i.e., the SO 4 
ion. The effect was twofold: The flocculating zone was greatly extended 
on the positive side of the isoelectric point; and the composition ratio of silica 
to sesquioxides in the isoelectric complex was markedly reduced (compare 
tables 40a and 40b). 

The divalent cations have already been shown (9) to have the opposite 
effect to that of the S0 4 ion. In the presence of divalent cations the com- 
position ratio of the isoelectric complex may exceed the ratio of 3. This 
does not mean that more than 3 mols of silica are in actual combination with 
one mol of sesquioxide. It is evident that some of the silicate valences are 
linked with the divalent cations, which accounts for the high ratio. There 
is evidently also no limit to the amount of excess silica which may thus be 
fixed in the complex, but once the silica content exceeds a certain proportion, 
the complex ceases to be amphoteric; it remains negative at all pH values. 

The presence of divalent cations also extends the zone of flocculation on the 
negative side of the isoelectric point. No matter how strongly negative the 
sol may be it will flocculate at once if sufficient Ca(OH) 2 is added. The 
silica will then all be carried down in the floe and if the ratio of silica to sesqui- 
oxide in the mixture is high the composition ratio in the floe will be equally 
high and the complex will be strictly electronegative. 

If a high proporton of silica be isoelectrically precipitated as in the concen- 
trated systems in tables 42a and 42b, and if, after mixing, the system be diluted 
and the pH be adjusted to that of the isoelectric value of the dilute systems 
in tables 41a and 41b, it is found that the composition ratio is intermediate 
between that of the concentrated and the dilute systems. In other words, 
the silica, being of a colloidal nature, is not completely reversible. If any 
isoelectric silicate gel is dried the reversibility is greatly reduced. This will 
explain the great stability of the natural soil colloids which may have been 
subjected to alternate drying and wetting and, more important, to the process 
of aging which leads to a coarser structure and evidently also to a certain degree 
of crystallization, as shown by X-ray photographs (3). 

SiC>2 

INFLUENCE OF THE — — RATIO ON THE ADSORPTIVE AND ELECTROKINETIC 
R 2 O 3 

BEHAVIOR OF THE NATURAL SOIL COLLOIDS 

Two tables which have appeared in a previous publication (8) are given 
here in a condensed form. Table 45 shows the adsorption of the PO., SO., 
and Cl ions from solutions of the respective acids by a series of soil colloids of 
varying silica/sesquioxide ratio. The charge and speed of electrical migration 
are also shown. Table 46 shows the adsorption of the same ions from a 
mixture of the acid with increasing proportions of ammonia, by the Norfolk 
soil colloid. 

For a detailed discussion of these experiments the reader is referred to the 
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original paper. For our present subject the following points of comparison 
are of interest: 

The anion adsorption increases with a decrease in the silica/sesquioxide ratio. The 
increase in adsorption is greater than the absolute increase in the sesquioxidcs per gram 
colloid. This indicates that the silica and sesquioxides exist in a more or less stable com- 
bination. Colloids very high in silica, like the Bentonie and Fallon, do not adsorb any 

TABLE 45 

Adsorption of the POa. SO a, and Cl ions from solutions of the respective acids by different soil 

colloids 


Initial concentrations: H3PO4, 1.768; H2SO4, 1.624; HC 1 , 1.640; milliequivalent in 100 cc. 




PO* 

SO* 

a 


SiO, 

Ad- 1 | 


Adsorbed 


Adsorbed 


COLLOID 1 CM. 

K z (h 


M/^ec 

milli- 


milli* 

u' sec. 



1 volt/ 

equiva- 

1 voit/ 

equiva- 

1 volt/ 



lent per! 
pram i 

cm. 

lent per 
pram 

cm. 

lent per 
pram 

cm. 

Bentonite 

3.81 

0.214 

-2.3 

—0.005 

N.D. 

N.D. 

N.D. 

Fallon | 

3.82 

0. 518 

-1.0 

-0 00 .? 

- 1.1 

-0.004 

- 0.6 

Sharkey i 

1 3.18 

0.700| 

— 1 . 3 1 

0.036 

! -0.8 

0.004 

; - 0.4 

Marshall | 

; 2.82 

0 932 

-0.7 

0.041 

1 

0 

-4 

Lost 

1 - 0.2 

Sassafras 

i 1.89 

1.152! 

+0 2 

! 0.151 

-0.2 

0.034 

+ 1.4 

Norfolk 

1.63 

0. 904 

+0.6 

! 0.129 

-0.1 

0.026 

: -h-7 

Aragon 

0.55 

1.601! 

+ 1.3 

| 0.269 

+0.6 

0.044| 

+ 2.8 


TABLE 46 

Adsorption of the PO 4, SO a, and Cl ions from solutions of the respective acids, with various 
additions of ammonia, by the Norfolk soil colloid 


Initial concentrations: HjPCh, 6.14; H2SO4, 5.41; HC1, 5.05; milliequivalent in 50 cc. 


NHi ADDED 
MJLUKqUI- 
VUKNT IS 

50 cc 

VOi 

SO* 

L 

Ad$or1>ed 
mii'icquiv- 
alcnt per 
pram 

pH 

i 

1 

H sec 

il Volt cm 

Adsorbed j 
nullirquiv- 
a’ent per 
pram 

pH 

m/ sec. 
i volt ' 
cm. 

Adsorbed j 
mibiequiv] 
alcnt per | 
pram j 

PH 

I 

! 

| n sec. 

, 1 volt, 

1 cm 

1 

0.0 

0.84 

: 

+ 1.1 

0.164 


-0.5 

0.079 


N.D. 

1.287 

0.88 

<4.4 

-0.9 

0. 163 


- 0.9 

0.075; 


+ 1.7 

2.574 

0.56 

6.2 

-3.5 

0.121 

! 

I i 

-1.2 

0.060 

| 

+ 1.4 

3.861 

0.42 

6.8 

-3.6 

I 0.066| 

-1.4 

0 037 


+ 11 

5.148 

Ix>st 

>8.0 

-3.8 

0.071 

<4.4 

-1.5 

0.017 

<4 4 

+0.1 

7.722 

0.27 


-4.1 

J -0.031 

>8.0 

-3.6 

— 0.01Q| >8.0 j 

-3.3 


sulfuric or hydrochloric acid. (Where there is no positive adsorption a negative adsorption 
due to the Donnan distribution is observed.) All of the sesquioxides arc apparently here in 
combination with the silica. 

The PO* is much more strongly adsorbed than the SO4 ion and the SO4 more strongly 
than the Cl ion. The relative order of magnitudes is not very different from that observed 
in the isoelectric precipitates. The Bentonite and the Fallon colloids, which adsorb neither 
S0 4 nor Cl ions, adsorb considerable quantities of the P0 4 ion. Whether this is due to a 
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displacement of silica or to the formation of an addition compound, or both, will be discussed 
in a later section. 

The quantities of the various ions adsorbed decrease with an increase in pH, the PO4 ion 
being the only ion which is adsorbed from an alkaline solution. 

Soil colloids having a low silica/sesquioxide ratio and adsorbing the greatest quantities of 
anions become electropositive in acid solutions. The isoelectric point lies at a higher pH 
the higher the sesquioxide content. The relationship is therefore the same as that found to 
govern the isoelectric precipitates. The divalent SO4 ion is not as highly dissociated by the 
complex as the monovalent Cl and H2PO4 ions. (At low pH values the phosphate ion is 
chiefly monovalent). The positive charge therefore attains higher values in the H3PO4 and 
HC1 solutions than in that of the H2SO4. The same phenomenom was met with in the fore- 
going synthetic sols. 

FACTORS GOVERNING THE COMPOSITION OF THE INORGANIC SOIL COLLOIDS 

The lithosphere has, according to Clarke (1), the following average com- 
position: Si0 2 , 59.85; A1 2 0 3 + Fe 2 0 3 , 21.35; CaO, 4.81; MgO, 3.77; K 2 0, 
3.02; and Na 2 0, 3.29 per cent. If the Fe 2 03 is assumed to constitute one- 
fourth of the total sesquioxides, a silica/sesquioxide ratio equal to 5.2 is 
reached. This is higher even than that of the highest soil colloid ratios but 
since some of the silica (about 12 per cent) exists in the form of highly in- 
soluble quartz we cannot expect such a high ratio in the colloids. 

When rocks weather under arid conditions, there is little or no loss of mate- 
rial. Most of the products of hydrolysis remain in the soil and react with one 
another to form a colloidal complex, doubtless in accordance with the same 
laws we have found to govern the formation of the complexes described in 
the foregoing chapters. The sesquioxides will combine with a certain propor- 
tion of the silica and, in the presence of an abundance of divalent bases, the 
remainder of the silica will be precipitated by them. The complex will there- 
fore have a high silica/sesquioxide ratio and be a strictly electronegative 
complex. It will ow r e its stability to the presence of the divalent cations. 
Soil colloids high in silica and bases occur chiefly in arid regions, as shown by 
the very valuable work of Rdbinson and Holmes (16). 

Suppose, for the sake of continuity in our line of reasoning, that the aridity 
is changed into great humidity. Under such conditions, what would happen 
to the colloidal soil complex would indirectly depend upon another dominating 
factor, namely, the temperature. Whether in the tropics or in the cold 
regions, the soil would be subjected to great leaching, and the bases, and with 
them the protected silica, would be progressively washed out. In the colder 
regions there would be an accumulation of organic matter and the consequent 
development of a high soil acidity, but this would not happen in tropical 
regions. In the tropics there is no accumulation of humus. This, together 
with more intense weathering, keeps up a small but constant supply of bases, 
and maintains, in spite of the leaching, a more nearly neutral reaction. 

The acid reaction on the one side and the more nearly neutral reaction 
on the other would have a profound influence upon the composition of the 
colloidal complex, if we can draw any inference from the foregoing study. 
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It has been shown that in the absence of divalent bases the sesquioxides 
precipitate with silica a complex which is richer in sesquioxides and poorer 
in silica, the higher the pH. We should evidently, therefore, expect to find 
the soil colloids in the humid, tropical regions possessing a low silica/sesqui- 
oxide ratio whereas the soil colloids in the temperate and cold, humid regions, 
where the soil reaction is more acid (evidently in the absence of carbonates), 
would be expected to possess a higher silica/sesquioxide ratio. Thus we know 
that the laterites which contain very little silica are the result of tropical, 
humid weathering. The work of Robinson and Holmes (16) seems to bear 
out the second point. 

The silica/sesquioxide complex is both chemically and electrokinetically 
an amphoteric complex. It combines with acids and becomes thereby electro- 
positive because in this condition it dissociates diffusible anions. It combines 
with bases and becomes thereby electronegative because in this condition it 
dissociates, diffusible cations. It follows that, if by leaching, dialysis, or 
otherwise, the diffusible ions be removed, the complex will approach or attain 
the isoelectric condition. This condition represents, therefore, the ultimate 
and the most stable condition. It has been pointed out that colloids are most 
easily “purified” at the isoelectric point. Conversely if an amphoteric colloid 
be “purified” it will be brought nearer its isoelectric point. Since the silica/ 
sesquioxide ratio in the isoelectric aluminum and ferric “silicates” is higher 
the lower the pH, and vice versa, we arrive at the very important deduction 
that the most stable, and therefore the ultimate, composition of the soil 
complex will depend upon the pH of the leaching soil solution. The more 
acid the soil solution the greater will be the proportion of silica remaining 
precipitated with the sesquioxides after the bases and a portion of the silica 
have been removed by leaching. 

It has been noted by Zakharov (21) that desilication is more rapid and 
extensive in the humid, tropical regions than in the humid, temperate regions, 
resulting in the former in the formation of laterites and in the latter in the 
formation of clays. The presence of the earth carbonates will, under all 
conditions, delay the desilication because these substances will maintain a 
saturated and stable condition of the negative complex. 

An attempt was made in the foregoing section (11) to represent the size 
of the colloidal particle as an equilibrium condition between two sets of oppos- 
ing forces. The higher the exchange capacity and the higher, therefore, the 
micellar ion density, the greater, it was concluded, must be the degree of 
dispersion. Since the exchange capacity decreases with the silica/sesquioxide 
ratio we should expect a lower dispersion, i.e., a larger particle size, and a less 
plastic and an, all around, less colloidal condition of the complex, the greater 
the degree of desilication. This is also the case, for the laterites are known 
to be non-plastic and very difficult to disperse. They also have a tendency 
to form non-dispersible concretions. This is not surprising when it is con- 
sidered that their silica content is often so low that their isoelectric point lies 
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well within the prevailing range of pH values. At the isoelectric point the 
particles have no ion atmosphere and carry therefore no charge and no water 
of osmotic hydration. Stripped of the forces by virtue of which the particles 
can exist as independent micellae, there is nothing to prevent them from 
cohering into larger and larger units. 

Whereas the formation of laterite, and also bauxite, must be the result 
of the removal of bases and silica from the soil complex under approximately 
neutral conditions, the formation of kaolinite must result from the same 
process under acid conditions. For one mol of the AI2O3 to retain two mols 
of SiOs after the removal of all cations would require a fairly high acidity. 
At the high degree of dilution of the soil solution the pH would doubtless 
have to be below 5. Kaolinite is itself isoelectric between the pH values of 4 
and 5 (9). Kaolinite, which is coarsely crystalline as compared to soil colloids 
and which contains practically no bases, may be assumed to be formed when 
a colloidal complex of the composition A1 2 (V2 Si0 2 is subjected for a great 
length of time to a hydrogen-ion concentration at or near that of the isoelectric 
pH of the complex. That kaolinite formation is connected with an acid 
medium is brought out by the work of Wiist (20), who ascribes it to the 
action of humus, and by Rosier (19), who assumes it to be a result of pneu- 
matolytic action, i.e., acid gases. 

Hydrous aluminum silicates containing a higher proportion of silica, such 
a beidellite and scolecite with a silica/sesquioxide ratio about 3 and pyro- 
phyllite and Montmorillonite with a ratio from about 4 to 5 (18), contain 
always a certain proportion of bases which usually increases with the propor- 
tion of silica. These materials have not been desilicated, that is, they have 
not been degraded by leaching to any great extent, as is indicated by the 
presence of readily exchangeable cations. It is evidently because of the 
presence of bases, especially of the divalent cations, that a complex with 
such high proportions of silica could precipitate out in the first place. Left 
more or less unaltered for a long time, crystallization has progressed more 
or less extensively, giving rise to compounds of definite composition and to a 
greater stability. Some of the bases are locked up within the crystals and 
become non-exchangeable. (Only about one-third of the bases present in the 
natural materials are readily exchangeable.) 

THE LAW OF DEFINITE PROPORTIONS 

The definiteness in composition reported for these hydrous silicates, even 
when “purified,” should not be uncritically accepted. Their composition 
is as indefinite as their nomenclature. Within the crystal lattice the law of 
definite proportions doubtless holds. On the surface (and the surface is 
great in highly dispersed materials) there is no such definiteness. Every ion 
in the dispersion medium enters into a very complicated exchange equilibrium. 
The hydroxyl, the phosphate, the “humate,” the sulfate, and a number of 
other anions may displace the silicate ion. Iron displaces aluminum and 
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vice versa. Every cation in the solution displaces any cation in the complex 
according to the activity of each. The more highly dispersed the crystalline 
material is, the more indefinite its composition. Then, crystallization is often 
very incomplete. Highly insoluble materials, like most colloids, are slow to 
crystallize and can do so only to the extent that ions which will fit into the 
crystal lattice are available. It is obvious that a highly heterogenous complex 
cannot crystallize. When crystallization does take place there must be a 
change in the composition. The proper ions are selected and the ions which 
do not fit are rejected. Some of the “adsorbed” ions pass into solution. This 
explains the reversion of adsorption as a result of aging as first observed by 
Freundlich and Hase (2). 

CHARGE AND CRYSTALLIZATION 

The highly silicated, electronegative soil colloids which contain a high 
proportion of displaceable cations are very fine-grained. Yet it has been 
shown that they are at least partly crystalline. Since the solubility decreases 
with an increase in crystal size by virtue of a decreased curvature w^e might 
wonder why it is that the crystalline material in soil colloids attains only 
submicroscopic dimensions. This may be due to the heterogenous makeup 
of the adsorption layer. It has been shown by Marc (7) that adsorbed ions 
of a different kind retard crystallization, but it seems probable that the charge 
resulting from dissociation limits the dimensions of the crystals just as it 
places a limit on aggregation; crystallization being in effect nothing but an 
orderly aggregation of ions. Crystallization might also be looked upon as an 
adsorption of ions which together fit into the symmetrical arrangement 
characteristic of the crystal lattice. If crystallization is to proceed, the rate 
of adsorption of the two ions must be equal. If one ion is very large, and, 
because of a low' self-potential, is incapable of an independent existence, 
while the other ion has a great solution stability and remains dissociated, 
a noncrystalline, highly charged micelle (as in a soap solution) will result. 
If the tw'o ions enter the lattice with about equal energy, the charge will be 
small and the crystallization can proceed unimpeded. If the two ions enter 
with different energy, one of the ions remaining dissociated in considerable 
excess, the charge will be high and the most adsorbable ion will be entering 
the lattice against a steep potential gradient. Why a crystal may form under 
such conditions and yet remain very small in size as in the case of soil colloids 
is brought out by the following. 

Assuming a potential difference f = 70 millivolts, a thickness of the double 
layer 6 = 5 mm and a dielectric constant D — 81, von Hevesy (4) calculates 
the charge e for particles of different radii from the formula: 

tDr(r + 5 ) 


e 


6 
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and obtains the figures shown in the first and second columns in table 47. 
By dividing the number of electronic charges on each particle by the square 
of the radius we get the values in the third column, which represent the relative 
number of charges per unit surface, or the ionic density on the different size 
particles. 

If crystallization cannot proceed against a potential gradient above a certain 
maximum we might easily explain why a crystal will form and grow to a certain 
small size and then no more. On very small particles the ionic density re- 
quired for the usual maximum potential of 70 millivolts is very great, greater 
probably than the dissociation. The smallest crystal rudiments would there- 
fore, like very large ions, have a low potential. The crystal would grow until 
the potential attained the critical value. Needle-shaped and micaseous 
crystals having points of high curvature might, however, grow indefinitely. 
Concave areas could not grow, because here the potential would reach a 
maximum at very slight dissociation. As the dissociation is probably different 
on different crystal faces the growth would vary accordingly. In concen- 


TABLE 47 

Number of ions and ion density necessary to charge particles of different size to the same potential 


r 

CHARGE OP PARTICLE IN NU1CBER 

OF ELECTRONS 

CHARGES PER UNIT SURFACE OR 
RELATIVE ION DENSITY 

MM 



1 

6 

6.00 

2 

14 

3.50 

10 

120 

1.20 

24 

550 

0.95 

100 

8,550 

0.85 

240 

47,000 

0.82 


trated solutions crystals may grow to large dimensions because here the 
potential is annihilated by the high ion concentration. Very soluble salts 
accordingly form large crystals. 

The quantitative relationship in table 47 may be qualitatively demonstrated, 
as in figure 7. It is obvious that to produce the same density in the ion atmos- 
phere a greater number of ions must dissociate per unit surface (a) the greater 
the curvature, i.e., the smaller the particle, since the dissociated ions must 
then diffuse into a conical expansion of space which becomes greater as the 
radius of the particles becomes smaller. It should be pointed out that if a 
greater average thickness 5 of the double layer is assumed, which would be 
justified on the basis of the r\/r ratios in table 12 (part I), the difference in ion 
density necessary to give the same potential for large and for very small parti- 
cles would become very much greater than the difference shown in table 47. 

If the degree of dissociation is limited, then the ion density over a very 
curved surface may never attain the value it will over a less curved surface, 
i.e., around a larger particle. Assuming this to be the case it can be shown 
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that the dissolved (free) ions in the solution will be in higher concentration 
within the less dense micellar ion atmosphere over a highly convex surface than 
in the more dense ion atmosphere over a less convex surface. This follows 
from the Donnan equilibrium equation (see part I) which, for a uni-univalent 
compound, is 


* = y(y + *) 

Where the value of z (i.e., the micellar ion concentration) is small, y (the free 
ion concentration within the atmosphere) will obviously not be so much smaller 




Fig. 7. The Relation Between Particle Size or Curvature and the Ion Density in the 
Micellar Atmosphere at the Same Degree of 
Dissociation per Unit Surface 

than x (the outside ion concentration) as where the value of z is larger. This 
means further that the Donnan potential 

P.D. — f k* (. + !) 

will be lower between the less dense ion atmosphere and the outside solution 
than between this solution and the more dense ion atmosphere over a less con- 
vex or plane surface. Both of these factors would favor a more rapid deposi- 
tion of the ions in the solution on surfaces of very great convexity. The higher 
the valence of the ion with the same sign of charge as that of the interface the 
greater would be this effect. 

If the degree of dissociation is limited then very small particles should show 
a slower cataphoresis than the larger. This has never been proved and prob- 
ably never will even if the assumption is correct, because such particles can only 
have a transient existence, for being unstable they must grow to larger dimen- 
sions. To what extent the electrokinetic potential influences the growth of 
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crystals must be left undecided, the author has merely suggested the possibility 
of such an influence. 


SUMMARY 

Isoelectric precipitates of aluminum and ferric “hydroxides” were prepared 
from the respective chlorides and sulfates. The sulfated hydroxides are iso- 
electric at a lower pH than the chloridated complex. The SO 4 content of the 
former is higher than the Cl content in the latter. The ferric complex is iso- 
electric at a lower pH than the aluminum complex. 

The entrance of the phosphate and silicate ions into the sesquioxide complex 
lowers the isoelectric pH because these ions displace the diffusible acid anions 
as well as the hydroxyl ions. There are many isoelectric “phosphates” and 
“silicates.” The more highly phosphated or silicated the complex the lower 
is the isoelectric pH. The lower the phosphate or silicate concentrations in 
the solution the greater is the relative proportion entering into combination. 
In high concentrations of the phosphate and silicate ions the isoelectric com- 
plex approaches but never attains full saturation, i.e., P 2 0b/A] 2 0 3 = 1 and 
Si 0 2 /Al 2 03 = 3, provided that other cations which form insoluble phosphates 
and silicates are absent, and that colloidal silica is not precipitated with the 
complex. 

All the ions in the system mutually displace one another according to the 
energy of each. At the isoelectric point there is always a certain small number 
of diffusible anions in combination. At that point the anionic and cationic 
dissociation must be equal. There is a balance between cations and anions in 
the complex, but a stoichiometrical relationship between any two ions must 
be accidental and should not be looked for even when the colloid is “purified.” 
This applies to the more or less crystalline natural colloids as well, for although 
the law of definite proportions must hold as far as the interior of the crystal is 
concerned, there is no such definiteness on the surface, which is very great in 
the colloids. The adsorption layer is very complex in its make-up and changes 
constantly with the conditions, such as the nature and concentrations of the 
ions in the solution, the pH, and the temperature. 

The work herein described will serve to explain the occurrence of the highly 
silicated and base-saturated soil colloids in the arid regions, the moderately 
silicated and more or less base-unsaturated soil colloids in the temperate and 
colder humid regions, and the almost completely desilicated and base-unsatu- 
rated soil colloids in the humid tropical regions. 

Another paper (part IV) dealing with the isoelectric aluminum and ferric 
“humates” is now being prepared. 
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Silicate, sulfated complex, 476. 

Silicates — 

effect of divalent cations on, 485. 
iron and aluminum, isoelectric precipi- 
tates, 468, 472. 

isoelectric, effect of dilution on the pH and 
composition of, 479. 

Snail shells, composition of, 337. 

Soil- 

acidity, relation to soybean inoculation, 
273-287. 

bacteria, see Bacteria. 

carbon dioxide evolution from, 1-11. 

carbonates— 

apparatus for the determination of, 315. 
determination of, 307-324. 
characteristics, determination by hy- 
drometer method, 267-272. 
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colloids— 

determination by indirect methods, 270. 
total, 269. 

colloids, see colloid, colloids, 
fallow, carbon dioxide evolution in, 6. 
fertility, relation to light requirements of 
plants, 427. 

iron availability in, 117-141. 
manganese availability in, 117-141. 
microorganisms, see Microorganisms, 
nitrogen, fixation of, in field, 49-57. 
organic matter, see Organic matter, 
reaction — see also H-ion concentration, 
Soil acidity. 

influence of inorganic nitrogen on, 431. 
saturation capacity, errors in determining, 
353, 355, 363. 
solution — 

composition of submerged, 203. 
displaced, composition of, 341. 
plant growth in, 30. 
submerged, reaction of, 206. 
submerged — 

chemical phases of, 197-217. 
gases from, 208. 
toxicity of, 212. 

unsaturation, relation to lime requirement, 
349-381. 

Soils — 
acid — 

actinomycetes in, 62. 
available phosphoric acid in, 37. 
alkali — see also Alkali. 

available phosphoric acid in, 40. 
base exchange in, see Base exchange. 
British West Indies, description of some, 
361. 

carbon-nitrogen relations in, 257-266. 
chlorosis of soybeans on limed, 128. 

Danish, actinomycetes in, 59-77. 
exchangeable cations and lime requirement 
in, 79-95. 

forest, actinomycetes in, 61. 

Hawaiian, nitrogen and organic matter in, 
439-442. 

heath, actinomycetes, in, 61. 


humus, available phosphoric acid in, 37. 
hydrogen peroxide digestion of, 190. 
laterite, available phosphoric acid in, 38. 
marsh, actinomycetes in, 61. 
mechanical analysis of, by electrofiltration, 
417. 

moor, actinomycetes in, 61. 
nitrates in, relation to the response of 
crops to potash fertilization, 325-347. 
phosphoric acid — 

methods of determining available, 33- 
48. 

total and available in, 44. 
plastic state of, 175-195. 
unsaturation of, 88. 

Solution cultures, phosphate studies in, 13- 
31. See also Nutrient solutions. 
Sorghum- 

phosphate content of, 27. 
titration curve of, stems, 27. 

Soybeans — 
as affected by — 
calcium carbonate, 124. 
fertilization, 128. 

hydrogen -ion concentration, 277-281. 
magnesium carbonate, 124. 
carbon-dioxide evolution from soil under, 
6 . 

chlorosis of, on limed soils, 1 28. 

Sphagnum plants, composition of, 154. 

Straw — 

composition of rye, 148. 
use of, for alkali soils, 330. 

Sulfa ted, silicate complex, 476. 

Sulfur, oxidation of, as influenced by lime 
and magnesia, 443-457. 

Tomato- 

phosphate content of, 27. 
titration curve of, stems, 27. 

Wheat, potash experiments on, 327. 

Water— 

unfree, determination of, in soils, 269. 
vapor absorption by soils, 190. 
colloid-clay content by the method of, 190. 
Wilting coefficient, determination of by 
hydrometer, 270. 








